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PREFACE 


It is the purpose of this text to present the physiological chemical 
mechanism of the vital processes of plants. Most attention will be given 
to the metabolic reactions, with some of the chemistry underlying the 
process, but complete description of the chemical compounds of plants 
does not lie within the province of this text. For the physical and chemi- 
cal properties of plant constituents, the student should refer to texts 
of organic chemistry, especially such as Holleman- Walker, Textbook of 
Organic Chemistry; Perkin and Kipping, Organic Chemistry; Haas and 
Hill, The Chemistry of Plant Products; Leathes, The Fats; Osborne, The 
Vegetable Proteins; Jordan Lloyd, Chemistry of the Proteins; H. E. Arm- 
strong, The Simple Carbohydrates and Glucosides; or to Fr. Czapek, 
Biochemie der Pfla^izen. For exhaustive discussions of photosynthesis, 
reference should be made to the monographs on Photosynthesis by 
H. A. Spoehr and by W. Stiles. There is an excellent monograph on 
Plant Respiration by S. Kostytchev, edited by Lyon. 

Free use has been made of every source of information for the compi- 
lation of this text. It is considered that profuse citation of the authors 
leads to the confusion of students. Sufficient indices are now available 
so that any one interested in compiling a bibliography of a particular 
subject can do so with facility. No great amount of new research data 
is presented here, but the material which has been used for illustration 
is of a nature such as should give a new point of view to students of 
plant physiology and of the plant sciences in general. The main part of 
the discussion is devoted to the synthesis, translocation, storage, diges- 
tion, and utilization of substances within the plant. The viewpoint is 
mainly physiological, but the interpretation necessarily involves chemis- 
try and physics. It is assumed that the student has some knowledge of 
chemistry and physics as well as of general botany and ])lant physiology. 

It is taken by the author that there is much needed a summary of 
the information on the chemical mechanism in plant physiology. The 
choice of material to be presented to the student as illustrative of the 
plant chemical mechanism is purely a matter of opinion. To express an 
opinion at all is treading upon the borders of omniscience and is certainly 
dangerous to personal reputation; yet to have progress we must have 
definite hypotheses. It is considered more desirable to state a definite 
hypothesis although it may not fit every condition and may not in the 
future be proved true, than to confuse the student with every angle of 
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argument presented in the literature, her complete statement of the 
literature of many of the topics here presented the student should refer 
to Czapek's Biochemie der Pjlanzen and to more recent literature. 

The author is indebted to many sources for photogra|)hs and draw- 
ings, and for the use of data and translations. At the reciuest of Sir E. J. 
Russell, a portrait of Dr. Woodward was kindly taken by the British 
Museum staff from their collection of prints. The Direction of the 
Deutsches Museum, Munich, gave permission to use a portrait of Van 
Helmont from the memorial window in the Alchemists’ Laljoratory. 
Copies of portraits of several physiologists were supi)licd by Dr, John W. 
Harshberger of the University of Pennsylvania. M'r. J. C. Ihiy, Librarian 
of the John Crerar Library, Chicago, has made available many rare l)()oks 
and prints from his collection. 

Valuable criticisms on particular chapters have been extended I)y 
Dr. A. J. Pieters, who read the part on General Metalxdism; Mr, George 
Nesom, who read the parts dealing with Mineral Nutrition; Dr. Charles 
Shull, who made suggestions for the chapter on Fats; Dr. W. A. Gardner, 
who read Proteins; Dr. A. L. Bakke, who criticized the part on Photosyn- 
thesis; and Dr. R. P. Hibbard, who read the part on Resi)iration. 

To these men I am especially indebted for suggestions and criticisms; 
yet they are in no way responsible for errors or arrangements. 

My wife, Helen M. Whittier Harvey, has corrected the manuscript, 
assisted with arrangement and drawings, and compiled the index. Miss 
Gladys Anderson of the Division of Plant Pathology and Botany has 
assisted with the manuscript and illustrations. 

It is hoped that the publication of so meager a text as this will stimu- 
late to activity those better qualified, whose writings in luiglish have 
been so long delayed and are so much needed. 

The greater part of the manuscript was written while the author was 
on sabbatical leave from the University of Minnesota as a Fellow of (he 
John Simon Guggenheim Memorial Foundation, at Cambridge Univer™ 
sity. 

Rodney Beecher Harvi-:y. 

University of Minnesota, 

April i8, iQ 2 g. 
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INTRODUCTION 


MECHANISM OF THE TRANSFORMATION OF 
MATERIALS IN PLANTS 

I. Effect of Protoplasmic Phases on Chemical Reactions of the Cell 

The protoplasm of the plant cell forms the medium in which the life 
processes are carried on. Protoplasm in actively metabolizing cells is 
mostly water; hence the transformations must take place in this basic 
substance of the cell. The water is distributed through a series of hetero- 
geneous phases which form the plastids, the chromosomes, and all other 
organs of the cell. Some phases in the cell are rich in water and must be 
considered as simply aqueous solutions of substances. The vacuolar sap 
is mainly a simple solution of water-soluble substances, and in some cells 
the vacuole makes up the greater part of the cell volume. In highly 
vacuolated cells the sap may contain little or no colloidal material. The 
rest of the cytoplasm is relatively rich in colloids, both in aqueous phases 
made up of proteins and carbohydrates, and non-aqueous phases of fats 
and lipoids. These aqueous and non-aqueous phases exist side by side 
in the most intimate mixture. Owing to the presence of phosphatides 
which imbibe water and are soluble in oils, water may be present in both 
the aqueous and lipoid phases. Shifting of water from phases rich in 
water to those containing little of it may greatly affect the rate of such 
chemical transformations as hydrolyses. There may be reversal of 
phases in the cell; water, the more important external phase, may become 
the internal phase, and the oil phase, rich in phosphatide, may become 
external. In fact, this phase inversion has been hypothecated as of con- 
siderable importance in determining the entrance of substances into the 
cell, whether lipoid-soluble substances through lipoid phases, or water- 
soluble substances through aqueous phases. Evidently there is a delicate 
balance in this critical condition in the live cell. Anything which tends 
to throw the system of phases considerably out of the equilibrium condi- 
tion may change the cell permeability or cause death. A balance of 
phases must be maintained to make possible all of the vital reactions. 

The largest masses of single phases in the cell are the cell vacuoles. 
These may make up practically all of the cell volume in old cells. Young 
cells are much richer in colloidal materials than old cells. 

Y^hile the cell is alive, there are continually occurring processes which 
tend to keep the phases in the cytoplasm in a finely divided state. The 

3 



4 


PLANT PHYSIOLOGICAL CHLMISTKY 


phases are continually peptized to highly colloidal particles. If any 
agency tends to increase unduly the size of the particles, the vital activi- 
ties may cease. Flocculation or precipitation of the proteins may result in 
death. This continual peptization of the protoplasm is evidence that the 
surface tension between the phases is relatively low, bei'amse the phases 
are easily distributed in each other when the interfacial tension is low. 

A high state of division of the phases of the protophusm is n<>ces.sary 
for rapid chemical transformations. Increasing the <livision of a spluire of 
oil I mm. in diameter into globules i m in diameter increast's the surface 
a million times. When large surfaces of i)hascs are expo.sed, the reaction 
may proceed rapidly. The emulsification of oil into droplets of colloidal 
dimensions leads to quick digestion. This disitersal of an oil phasic in the 
cell is accomplished by decreasing the surface tension at the interftice 
between oil and water phases. This may be accomplished by emulsifying 
agents such as phosphatides or by means of soafts, which are formed 
through the action of ions from the acjueous phases ui)on the surhua; of 
the oil droplet. 

The amoeboid movements of the cell arc deirendcnt ui)on chtinges in 
surface tension produced either by changes in the materials forming the 
surface layer or by changes in the electrical charge across the interface. 
The products of metabolism may be used to bring about these changt's. 
For instance, urea produced from the breaking down of ])rotein may 
change the surface tension at the cell interfaces. Anesthetics also may 
change the interfacial tension and thus alTect cell i)enueal)ility or the 
exchange of substances between phases. 


II. Interactions between Phases of the Protoplasm 

The distribution of substances between phases is determined by tluMr 
relative solubilities in each phase. 'I'he partition coefl'icicnt is the per- 
centage distribution of a substance l)etwcen two phases. Thus lictween 
phases of water and of chloroform, iodine will Ijc distril)uted in [iroportion 
to its relative solubility in these two substances. Iodine is almost in- 
soluble in water, so the greater amount of iodine will be found in the 

, , . , . chloroform 

chloroform layer. The partition coetTicient, — is hiuli luimeri- 

water ” 

cally. But if there is a chemical change in the distributed sulistance in 
one of the phases, there will be a redistribution of the substance which 
may markedly change the partition between the pha.ses. 'I'lius, if to the 
aqueous phase in the system, iodine distriliuted between water and 
chloroform, there is added a small amount of potassium iodide, a com- 
plex ion will be formed between iodine and K1 in the aqueous [ihase. 
Then most of the iodine will diffuse from the chloroform and fonn this 
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complex ion in the aqueous phase. The iodine will migrate from one 
phase to the other, owing to the introduction of the KI with which it 
forms a complex ion. In a similar manner, substances in the cell may be 
caused to migrate from one phase to another, and such changes in the 
concentration of a substance may affect markedly the metabolic reactions. 

Any substance which decreases the interfacial tension will tend to 
accumulate at the surface. This is for the reason that the free energy of 
the system is decreased by the decrease in interfacial tension. The re- 
sultant increase of the concentration of a substance between phases may 
bring to position for transformation or interaction the substances con- 
tained in the various phases of the cell and thus facilitate chemical 
interactions by increasing the concentrations of the substances in condi- 
tion to act. Since the interfacial tension is subject to fluctuation and 
probably is regulated by the cell, the cell may initiate or decrease certain 
reactions by this means. The cell is organized and correlated in the func- 
tions of its parts and is not merely passive and at the mercy of the en- 
vironment. In fact, one of the commonest traits of organisms is to react 
against their environment. 

III. Rate of Chemical Reactions 

The rate of a chemical transformation is determined by the concentra- 
tions of the molecules in condition to react. When the energy concerned 
in a reaction is very great, the position of the equilibrium between the 
reacting substances will be such that as great as possible an amount of 
energy will be evolved. That is, the reaction will go practically to com- 
pletion in the direction in which the energy is released. But when the 
energy liberated is small, the position of equilibrium will be such that 
the reaction does not go to completion and there will be found appreciable 
concentrations of the reacting substances and the products of their inter- 
action. 

If any component of the reacting system is withdrawn into another 
phase, then reactions involving small energy transfers may proceed more 
nearly to completion, because the substance in passing into another phase 
is not in condition to act, and its mass action effect is decreased. This 
condition is of much importance in so heterogeneous a system of phases 
as the protoplasm. Substances are stored in the cell by being withdrawn 
into solid phases, as into crystals of proteins, or insoluble starch, or into 
oil globules. At the interface between phases the atomic groups of mole- 
cules in the phases are oriented. The atomic groups are placed so that 
those groups with water affinities are in aqueous phases and those with 
lipoid affinities are in oil phases. Orientation at the surface may bring 
groups into position to react. 
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The simplest case of chemical transformation is one involving the 
decomposition of a substance. In such a decomposition the rate of the 
reaction or the amount of decomposition products prodiuxsl in unit time 
is dependent upon the concentration of molecules of a single substance. 
Such chemical reactions are called mono-molecular, or reactions of the 
first order, and they proceed at rates which are directly irroportional to 
the concentration of the substance undergoing decomi>ositit)n. 

When the chemical reaction is dependent upon the interaction of two 
different substances, the rate will be dependent upon the product of the 
concentrations of both of these substances which are in condition to act. 
The transformation will proceed at a rate which is directly j)roportional 
to the product of the molar concentrations of the two reacting substances. 
Such reactions are called bimolecular, or reactions of the second order. 
When one substance is greatly in excess, its concentration during the 
reaction may not change appreciably, so that the reaction will proceed 
almost as if it were dependent upon the concentration of a single sub- 
stance, that is, practically as if it were a reaction of the first order. 

When chemical reactions are dependent upon the meeting of three or 
more molecules at the same time, the opportunity for the reaction to 
occur is greatly decreased. The chances of meeting are directly ])ro[)or- 
tional to the product of the concentrations of the three substtinces, and 
the rate of the reaction will be directly proportional to this product. 

Reactions of the first order, such as simple molecular dec()in[)ositions, 
may proceed at a very high rate. Reactions of the higher orders decrea.se 
in rate very rapidly in proportion to the number of the substances re- 
quired for the reaction. In fact, in many reactions involving several mole- 
cules, the course of the reaction consists of a series of reactions betwe<‘n 
two or more substances to produce an intermediate product wliich then 
may further react to give the final product. The controlling reactions of 
many vital processes may be treated as .systems of irreversible first order 
reactions. This allows the reaction of a high order to i)r()cecd at the rale 
of a series of reactions of the lower orders. 

Several theories have been advanced to account for the initiation of 
chemical reactions. According to the intermediate com[)oun<l theory, 
there is concerned a series of reactions requiring the formation of un- 
stable intermediate compounds. The intermediates in some reactions 
may be isolated and identified; in others they may la; merely hypothe- 
cated. This intermediate compound hypothesis is used especially to 
explain complex reactions. Intermediate compounds are of niuch im- 
portance in determining the rate of reactions involving .severtd sub- 
stances. Introduction of such intermediates into the reacting .system 
may greatly increase the rate of the reaction. A reaction may be jrro- 
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ceeding at so slow a rate as to be imperceptible. The introduction of 
intermediate compounds may then be said to initiate the reaction. 

In the chemical transformation theory it is assumed that in the mole- 
cule the atoms or atomic groups have cyclic motions perhaps with differ- 
ent critical periods of oscillation. In one particular position of the atomic 
arrangement the molecular system is unstable and atomic groups may 
rearrange themselves and not return to their path of oscillation but react 
to form more stable systems. Only a certain part of the molecules may 
have this critical arrangement at one time, that is, only a part of the 
molecules are in a reactive condition. Such might be the case in molecu- 
lar decompositions such as in the decomposition of 2H2O2 into 2H2O +O2. 
Such substances should show spontaneous decomposition when no energy 
need be supplied from without. 

According to the kinetic theory of molecular activation, a certain 
number of molecules in a system at any instant possesses a greater veloc- 
ity of translation than the average kinetic energy of the molecules in the 
system. The kinetic energy can be converted to increase the amplitude 
of the oscillation of atomic groups. The greater energy of these “hot” 
molecules may come from the accident of collision with others. When 
the value of the kinetic energy exceeds a certain limit, the amplitude of 
oscillation of atomic groups in the molecule may become great enough 
to cause a decomposition or rearrangement in the molecular structure. 
The rate of the chemical transformation then is determined by the rate 
at which the velocities of the molecules are accelerated beyond the critical 
limiting value of kinetic energy. The effect of a rise of temperature in 
increasing the rate of such reactions is due to increasing the average 
kinetic energy of the molecules in the system. 

It has been found that the velocity of chemical reactions is doubled 
or trebled by each rise of 10° C. This effect is known as the temperature 
coefficient or VanT Hoff coefficient of the chemical reaction and is desig- 
nated by the symbol Q/io. The value of the temperature coefficient 
for a process is useful because it indicates the nature of the factors which 
determine the rate. When physical factors such as diffusion, etc., are con- 
cerned, the temperature coefficient is of the order of Q/io= i to 1.5. How- 
ever, the value of Q/io is constant only for a certain temperature range. 

A more accurate formulation of the effect of temperature on the 
velocity of irreversible reactions is the following: 

fiTi~To 
^ = e2 TiTo 
Ko 

in which Ko and Ki are the velocity constants at the respective absolute 
temperatures To and Ti. /x is the energy of activation. ^ is found by 
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dividing the gram molecular energy of activation E of the active sub- 
stance by RT. R is the gas constant, and 'V is the absolute temperature. 
When the reaction is of the second order, the sum of the energies of acti- 
vation of the two active substances is taken. The velocity of the reaction 


is proportional to the exponential of 


E 


The constant known as the temperature characteristic, designates 
the energy of activation of the process. When the same species of active 
molecule is concerned, the value of the constant will lie the same for 
various reactions. Various reactions detennined by tlie same catalyst then 
should yield a practically constant value of /x. Fig. i. The t'ritit'al ihemial 
increment is independent of the amount of the catalyst. An alirupt change 

in the value of /x over the 



tem|)erature range of a proc- 
ess indicates that the nature 
of the active substance lias 
changed, d'hus the control- 
ling reactions of a jirocess 
may lie the catenary series 

0 - A- >F . , . , , . 

which the orig- 
inal substance 0 is ('hanged 
into an available fonn A, and 
this is decompos(‘d to (he 
end jiroducts K, wi(h libera- 
tion of energy, dlie velocity 
('onstants of (he (wo r(‘ac- 
t ions may lie K, and K./riu* 

velocities of the activation process occupying clTcct of (cmiX'ra ( Ur(‘ rise on 
the presentation time for geotropic response (/U= 1 6, ioo) and .. - • u 

for phototropic response (/4 = 16,500) in Avcna. 'rhestM)rocesHeH 


i-v- vr* — 111 1 uese processes tWOSlag(‘Sin ( lu* pi’OCt'HS 

are controlled by a basic reaction which is prohalily a catalyzed mav he ( I fliMt 

respiratory oxidation. (After Crozier.) From 7. Gen. Phys . y ‘ ^ ^ ^ (hat 

, . , , , dillerent valiums of /x are 

obtained, depending on whether the rate of ihc process is dcier- 

oalulyzed by dilTcrciit 
agents. Different temperature coefficients are shown l)y the sanu' ctiem- 
ical reaction when it is catalyzed by different catalysts. 'I'hc criti- 
cal thermal increment may be used to indicate the catalyst of a re- 
action. 

The critical thermal increment for most chemical processes is tihuve 
10,000. When such physical factors as diffusion or .surftue action are 
concerned, the value may be lower, near 7,500. 
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IV. Mechamsm of a Reaction 

In the chemical transformations in cells, all of the cpnciition^4Y^]p 
above may be effective. It is of interest to follow through a 'series of com- 
plex changes such as have been supposed to occur in the hydrolysis of 
sucrose by 

The actual reactants are supposed to be sucrose dihydrate and 
H"*". The sucrose dihydrate has two molecules of H2O attached to the 
d-glucose part; the fructose part is anhydrous. The sucrose dihydrate 
and H"*" combine at a measurable speed, giving a complex which im- 
mediately reacts with H2O to give one molecule of d-glucose and one of 
d-fructose. 

C12H22O112H2O +H+-^(Ci2H220n2H20H +H+) 

measurable speed 

(Ci2H220ii 2H20H'*') +yH20-^d-glucose 2H2O 
+d-fructose -f-(y— i)H20 

immeasurably fast 

Only about 35 calories are involved in breaking the oxygen linkage ring 
of sucrose. This is a relatively small amount of energy; hence the reac- 
tion is easily reversible, and heat may be absorbed from the environment. 
In reactions in which great energy changes are involved, the reversibility 
is not so easy; shorter wave-lengths of light may be required as a source 
of the energy. 

It is probable that the fructose part of the sucrose molecule is the 
reactive part. Several lines of evidence indicate this. First, hydroxyl 
ion will not invert sucrose. Also, fructosides in general are easily hydro- 
lyzed, owing to the reactivity of the fructose part of the molecules. Fi- 
nally, hydrogen ion is specific in the inversion. The rate of formation of the 
compound with sucrose determines the speed of the reaction. This 
gives the reason for the specificity of in the inversion. The reaction 
may ])C represented as follows: 


(e) H (d) CIIoOH 

HOCH2— CHOH— CH(CH0H)2-C--0--'-C-~CH(CH0H)2CH20H 

H2O H2O HO— K+ 


In the initial formation of the sucrose hydrogen ion complex a partial 
valence of the oxygen atom (c) is used up, in consequence of which the 
end carbon atom (e) of the glucose portion effectively gains a free positive 
valence. This immediately links up with the hydroxyl of a neighboring 
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watermolecule to give a system which may be represented as in the ligure. 
There is an ethylene oxide ring which is normally vciy unstal)Ic in the 
molecule with a weak linkage at the oxygen atom (c). Ihe ring there- 
fore breaks at the dotted line C 0, leaving a free valcnt.e at the 
carbon atom (d). Thus a new CHOH grouping is temimrarily formed in 
the fructose residue. It is obvious that this could not have hai)pened had 
any ion other than H+ been attached to the sucrose in the first place. 
The carbon atom (d) now has a free valence which can so strengthen the 
carbon-oxygen linkage between (d) and (b) that the already weakened 
linkage between (e) and (b) would be completely broken. As a result of 
the free valence produced at (e) its union with the OH is now strengthened 
with the result that an H+ different from the original is split off. 

Further evidences of the conditions affecting the rate of inversion of 
sucrose by H"'' can be gained from the Law of Mass Act ion. The Law of 
Mass Action states that if the temperature is held constant, the velocity 
of a chemical reaction is directly proportional to the product of the con- 
centrations of the substances in condition to react. The rate of sut'rose 
inversion then is proportional to the product of the concentrations of 
sucrose, water, and The reaction velocity is not e(|ual to tlie prod- 
uct of the concentrations but directly proportional to it. T\) tnake a 
proportionality into an equality we must introduce a constant, usually 
designated as k, into the proportionality. 

If a reactive substance is very greatly in excess, its (‘oncentration 
can be taken as unchanging or as a constant. In a dilute .solution, water 
may be taken in great excess and the may be held constant, llien 
the rate of the reaction will vary proportionally with the concentration 
of one substance only, and the reaction will proceed })ractically as a mono- 
molecular reaction. But in a concentrated sugar solution tlie c-oncemt ra- 
tion of water may not be taken as constant, and the reaction j)roceeds 
as a bimolecular reaction. 

Suppose one-half of the substance in a monomolecular read ion was 
found to disappear in ten minutes. If the concentration of the sul)stance 
were diluted to one-half, then one-half of the original amount would 
disappear in ten minutes. Accordingly, by doubling the original concen- 
tration, the quantity of substance cleaved would l)e doubled. The inver- 
sion of cane-sugar proceeds practically as a monomolecular reaction if 
dilute solutions are used, so that the water is greatly in excess. 

If dx represents the small amount of cane-sugar which disa|)pears in 

dx 

the small time interval (dt), then — is the velocity of the inversion reac- 
tion. 
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Let a represent the amount of cane-sugar present at start. 

Let X represent the amount of cane-sugar which disappears in time (t). 
Then a — x = concentration at the end of time (t), and the velocity im- 
mediately after this time is proportional to a— x. 

Then ~ =k(a— x). 
dt 

We wish to find the value of k, the constant of the reaction. 

Integrating, —InCa— x) =kt+constant. 

If we take the conditions at the start of the reaction when no time 
has elapsed (hence t=o) no sugar has been inverted (hence x=o). 
Then substituting these values, 

~~ln(a— o) =KO+constant or — Ina = constant. 

Substituting this value of the constant: 

I a 

— ln(a—x) =kt-“ Ina or kt =lna— ln(a~-x) or k = '7 • In 

t ax 

Briggsian logarithms (log) multiplied by 2.3025 give the natural loga- 

I a 

rithm (In); therefore we may write k = 2.3025 . log 

t a — X 

The number 2.3025 may be included in k, the constant of the reaction, 
sO'k- t a-x' 

The concentration of sucrose can be determined by reading the rota- 
tion in degrees given by the polarimeter. The change of this value during 
inversion gives stages in the reaction. If we measure the time to produce 
a certain change of rotation, we can determine the rate of the change, 
that is, the velocity of the reaction, or the value of k. 

The following experimental data on the inversion of sucrose may be 
used in calculating the value of the reaction constant, k: 


T. in minutes 

Rotation 

k = ^. log ■ 
t 1 

0 

46.J6 

45 

38.25 

.001344 

90 

30-75 

.001352 

150 

22.00 

.001321 

210 

15.00 

.001371 

270 

8.25 

.001425 

3QO 

-1.75 

.001409 

510 

— 7.00 

,001463 

630 

—10.80 

—18.70 

.001386 
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The value of k is practically uniform; hence it ai)pears true that the 
reaction proceeds essentially as a monomolecular reaction. If the coiuen- 
tration of water is not great, then the change in concentration of this 
component of the system may not be disregarded, tind the reaction speed 
is not that of a monomolecular reaction, and k will show a trend in its 
values if it is calculated from the formula for a monomolecular reaction. 
It will be found in the inversion of sucrose in i)lants that the (|uantity 
of free water may be small, so that the water concentration may alTect 
the rate of cleavage of sucrose. 

In the laboratory, if we determine the value of k at dilTerent liydrogc^n 
ion concentrations, we may plot these values against pU and thus de- 
termine the relation of k, the constant of the reaction, to i)II, or tlie rate 
of inversion as determined by concentration. 

The rate of inversion of sucrose in acid solutions has l)een found to 1 k^ 
directly proportional to the Hence iluctuations in the pH of the 
cell sap will produce corresponding fluctuations in the rate of cleavage 
of sucrose. 


V. Catalytic Action 

Chemical transformations may be increased or decrea.sed in rate by 
the presence of chemical substances and by certain pliysical agents. If 
a substance by its presence alone increases the rate of a reaction, it is 
called a positive catalyst; if the rate of the reaction is <k‘cr(‘a.s<‘d, the 
substance is called a negative catalyst. 

A true catalyst is not consumed in the reaction. It may ad in several 
ways. First, by its physical eflect of causing the adsorption of th(‘ 
reacting substances upon its surface, l^'or e.xam])le, j)latinum black is a 
positive catalyst in the reaction 1)2 tween IT2 and Oo. One or l)oth of th(‘ 
reacting gases may be adsorbed on the surface of the platinum, and th(‘ 
concentration so increased as to initiate the combination. Since gr(‘at 
quantities of energy are involved in tliis reaction, it may proce(‘d at an 
explosive rate when once initiated by the introduction of platinum black 
into a vessel containing H2 and O2. 

Second, the substance introduced may act as an intermediate sub- 
stance, increasing the rate of the reaction in proportion to its concimt ra- 
tion, or it may form an intermediate substance by interaction witli one 
of the components of the system. Thus the introduction of pliosphate 
into a mixture of zymase and glucose increases the rate of tlie production 
of alcohol and CO2, because phosphate combines with tlie sugar to form 
hexose phosphate, an intermediate compound in this reaction, The sul)- 
stance introduced may combine with intermediate comi)ound.s already 
present in the reacting mixture, decomposing or removing the inter- 
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mediate, in which case the introduction of the substance may decrease 
the rate of the reaction, or it may act as a negative catalyst. 

In reactions which require the introduction of energy, heat or light 
may catalyze the reaction simply by supplying the energy required. If 
the energy required to be stored in the products is small, heat may be 
absorbed from the environment and stored in the products of the reac- 
tion. The effect of heat as a purely catalytic agent may be such as to 
increase the average kinetic energy of the molecules, thus increasing the 
number of collisions in unit time; but frequently such kinetic energy or a 
part of it may be stored in the reaction products by the mechanism pre- 
viously outlined. For such reactions a rise of temperature should increase 
the rate of the reaction. 

When the energy required for the reaction is great, heat may not 
serve as the source of energy, but shorter wave-lengths of light may be 
required. On the basis of the theory that radiant energy is absorbed in 
definite units or quanta, the size of the quantum varies inversely with 
the wave-length, that is, the shorter the wave-length is, the greater is 
the c|uantum of energy involved. Perhaps the difference in action of 
different wave-lengths is caused by the ability of energy to be absorbed 
only when the quantum is of the exact size required to supply the energy 
needed for the rearrangement of the atomic groups. When only small 
amounts of energy arc involved, heat at low vibration frequency can 
supi)ly the proi)er sized c[uanta, while the rapid vibrations of light are 
refiuired to coincide with the (juanta concerned in reactions involving 
great energy changes. Only light which is absorbed can produce chemical 
change. The absorption of light is dependent upon the presence of 


atomic groups or electrons in 
the substance which can take 
on cjuanta. of the exact size 
contained in the radiant en- 
ergy. 

The immediate effect of 
the absorption of a light 
quantum is the formation of 
an activated or ‘Miot” mole- 
cule. The energy of the elec- 



tronic system of such molecules is increased. The binding forces between 
atoms may l)e weakened by this change of electronic energy, and the 
molecule may undergo dissociation if the absorbed energy quantum is 


great enough. 

The intramolecular processes following light absorption can be best 
illustrated l)y the following diagrams (Fig. 2) on which the potential 
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energy of atomic oscillations E is represented as a function of I lie relative 
distance of the atoms d. Figure 2A represents the state of a nomial 
molecule prior to light absorption, the atoms oscillating with small amiili- 
tude (a) around the equilibrium position di. Ihe change of electronic 
configuration on absorption of a light energy quantum, resulting in a 
change of the binding forces, will increase the e([uilil)rium distance 
(to d'l, see Fig. 2B) in case the binding force has been weakened. During 
this process the atoms will have (on account of their slow motion) no 
opportunity to change their position and will be still at an average dis- 
tance di. Their potential energy therefore will be increased (by K') and, 
provided this energy increase is larger than the energy of binciing of Uie 
excited molecule (DO, the atoms will fly apart; that is, a dissociation 
will take place, within a time interval comparable to the time of one 
oscillation. 

If no energy is absorbed the reactions of single atoms and molecmles 
occur only when they are accompanied by a decrease in t he energy of t he 
reacting system.’ The quantum energy of absorl)ed radiation must he 
larger than the heat of dissociation of the reacting molecules. 1 'he ciuan- 
tum energy being smaller, no dissociation will lake place and activated 
molecules must be formed. These can react only on collisions and only in 
such a way that the heat absorbed in the resulting chemical change is 
smaller than the quantum of radiation absorbed. The mok‘('ult^ may b(‘ 
raised to a higher quantum state by the absorption of a light (piantum, 
forming an activated molecule. Molecules may remain undissociated after 
the absorption of a quantum greater than that required for dissociation. 
These activated molecules possess a high reaction al)ility and will umh'rgo 
chemical change on collision with some suitable non-act ivated molecule in 
the reacting system. The excited molecules may reemit energy qiuinla, 
either heat or light, usually of lower vibration freciuency than tlie liglit 
absorbed. The excited molecules also may lose the energy stored in acti- 
vation by inelastic collisions with inert gas molecules. 

Diatomic and polyatomic molecules possess a large number of cjuan- 
tum levels, and the loss of excitation energy will occur generally in stnall 
steps. In this way the absorbed light energy will gnulually be dissipat(‘<l 
and transformed into heat energy. Bioluminescence, i)hosphores('enc(‘, 
and fluorescence are dependent upon the loss of the excitation energy in 
relatively large quanta, the quanta corresponding to the fre(|uencies of 
vibration of light. Excited molecules lose their excitation energy more 
readily on collisions with molecules of electronegative than of electro- 
positive gases. This accounts for the specific retarding effect of oxygen 
on the rate of certain photochemical reactions. 

Only the absorption of light energy and not the mere presence of light 
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can cause photochemical reactions. The same holds true for heat energy. 
According to all experience, the absorbed energy is never remitted as 
isochromatic radiation in the reaction. In contradistinction to material 
catalysts which emerge unchanged at the end of the catalytic process, 
light and heat energy must be considered as reactants rather than as 
catalysts. 

At equilibrium there are present the reactants and the products of 
the reaction unless some substance involved is separated as gas or solid 
into another phase. At equilibrium the rates of the reactions in the direc- 
tions of synthesis and of analysis are equal. The presence of physical 
catalysts does not change the position of equilibrium but merely hastens 
the attainment of it. A source of energy such as heat or light may drive 
the reaction away from the equilibrium established without the reactant 
energy. 

Independent of the thermodynamic character of the total reaction, 
the primary action of light is always essentially the same: the activation, 
generally, of one molecule or atom per absorbed light energy quantum. 
In endothermic reactions the number of molecules reacting is strictly 
limited by the amount of absorbed light energy; whereas in exothermic 
reactions the primary products formed in light absorption may cause a 
long sequence or chain of secondary chemical processes. The presence of 
activated molecules can be used to explain such chain reactions. 

In photochemical reactions the rate of the chemical change is de- 
pendent upon the number of light quanta absorbed, that is, upon the 
number of activated molecules. The number of molecules reacting may 
be a small multiple of the number of light quanta absorbed, or in some 
spontaneous reactions the yields are large multiples of the absorbed 
cjuanta. In such chain reactions secondary processes occur which per- 
mit the transmission of the energy of activation to other molecules in the 
chain. The energy required for the molecular decomposition or the forma- 
tion of intermediates in such cases does not come from the light quanta 
but from the energy liberated by the reaction. In this regard the light 
may be considered a catalyst in the chain of reactions. As many as lo"' 
molecules can react per al)sorbed light quantum. 

Although chain reactions are shown mainly in spontaneous exother- 
mic reactions, there is no reason why the energy transfer from atom to 
atom or from molecule to molecule may not take place in endothermic 
reactions. The absorption of light energy by photosynthetic pigments 
may result in the storage of energy quanta which might be passed on to 
molecules of H2CO3 at a distance. Such a mechanism, if shown to occur 
in chloroplasts, might account for the storage of energy absorbed by 
chlorophyl molecules in the interior of the plastid and its transfer by 
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the mechanism used in chain reactions to the chloroplasl surface or to 
the cytoplasm. This would obviate the static diffusion of COg into the 
solid gel of the chloroplast and the diffusion out again of the oxygen and 
sugar. 

In the active protoplasm many reactions proceed at the same time. 
The reactions may occur in series as in the decomposition of glucose to 
carbon dioxide, CO2, and ethyl alcohol, CgHf^OH, the oxidation of ethyl 
alcohol, CgHsOH, to acetaldehyde, CHsCHO, the simultaneous oxida- 
tion of one molecule of acetaldehyde and the reduction of another 
molecule, 2CH3CH0-^C2H60H+CH3C00H. The energy lil)erated in 
one reaction may be used in another through the use of the mecha- 
nism of chain reactions. The energy liberated in the lirst exothermic 
reaction may not be degraded to heat at once so that it may l)e trans- 
ferred by activated molecules to supply the energy for endothermic re- 
actions. 

Hydrolytic cleavages such as those catalyzed !)y enz3rmes involve hut 
small energy transfers (Table i), and they arc generally easily reversil)le. 

Table i 


THE THEORETICAL AMOUNT OF HEAT LIBERATED IN ENZYMA'I'IC KKAOITONS 


Suhsirate 


End-products 


( \iiorivs 
lUicratcd 


Ethyl butyrate Ethyl alcohol H- butyric acid 

Maltose Glucose 

Cane-sugar Invert sugar 

Salicin Salicyl alcohol 4* glucose. . . 

Urea Ammonia -f CO^ 

Hippuric acid Glycocoll 4- benzoic acid. . . 

H2O2 II2O-I-O2 


5.S 

■LS 

6..S 

21.7 


Reduction processes are mainly endothermic and vary giaxilly in tlu^ 
energy required. 

Oxidation reactions are mainly exothermic; they may 1)(‘ sponlaneous 
lor this reason. The simultaneous oxidation and reduction n^actions sucli 
as the Schardinger mechanism or the Cannizzaro reaction may involvi^ 
about equal quantities of energy in the two phases. Wlnm eiua-gy is 
evolved or when the energy quanta involved in the two pluLses ar(‘ (‘(pial, 
the reaction may proceed spontaneously, or it may he increasi'd by 
catalytic substances. But when energy is required, light or heat energy 
must be available. 


VI. Light and Asymmetric Synthesis 
It is evident that light energy has been of the greatest im|)ortance in 
building up the organic world, since it is the principal source of energy. 
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But light evidently determines the nature and configuration of the sub- 
stance produced as well as the quantity synthesized. The substances in 
the organic world differ in their properties of absorbing light, and the 
energy so absorbed increases the instability of the absorbing substance. 
There are differences in the instability of optically active substances 
when exposed to light. Certain substances differ in their ability to absorb 
d- and 1- circularly polarized light. 

In organic chemical synthesis the substance formed is generally sym- 
metrical in the configuration of the atomic groups of the molecule, or 
equal quantities of two d- and 1- optical isomers are formed. When the 
environmental conditions are symmetrical in properties, the products 
are symmetrical arrangements. But in the synthesis by plants, the pres- 
ence of asymmetrical compounds is quite remarkable. The sugars belong 
to the d- family of isomers, although certain members may show the 
opposite 1-rotation owing to the nature of their formation. Evidently 
one family of configurations is formed to the exclusion of the other. This 
is evidence that some active agent in the environment is not symmetrical. 
When a catalyst of a reaction is asymmetrical, the product of the reaction 
will be asymmetrical also and will have a configuration corresponding to 
that of the catalyst. It is necessary to have, then, only the introduction 
of an asymmetrical catalyst to cause all of the optically active substances 
foimcd in its presence to be of the same configuration. Such an asym- 
metrical agent may be the light which has been found to be d- circularly 
I)olarized at the surface of the sea. This d- circularly polarized light 
tends to decompose one antipode rather than another and may have 
led to the synthesis of the first asymmetrical organic sul)stances. Thus 
(I- circularly jK)larized light is differentially absorbed by the d- and 1- 
varicUies of coi)per ammonium tartrate. The absorbed light energy then 
may increase the instability of one of these isomeric forms. 

In the stereochemic'al configuration of substances produced in living 
cells when there is a possibility of stereoisomerism, the active form is 
generally present . The proteins are almost all 1- com|)oun(ls. The sugars 
all l)elong to the d- family, 'fhe ti.ssues of living things are themselves 
asymmetrical, and in their action uj)on food materials select those whose 
stereochemical configurations l)est lit their own. Pasteur showed that 
certain fungi are unable to use l-tartaric acid as an energy source, whereas 
they actively oxidize d-tartaric acid. With the production of the first 
asymmetrical molecule the configuration of all substances formed in its 
presence would be determined, for asymmetry begets asymmetry of the 
same kind in the course of chemical reactions. 

Asymmetric molecules in plants may be formed by the conversion of 
carbon dioxide and water attached to an asymmetric molecule such as 
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chlorophyl. By such a synthesis a carbohydrate chain may i)e produced, 
conforming to the configuration of the asymmetric agent. Such a method 
may be followed in organic synthesis in the laboratory. An active com- 
pound belonging to the desired configuration is joined to the radical 
which is to be used in synthesis, thereby forming a new asymmetric 
compound to which other radicals may be joined. When the original 
asymmetric group is split off from the molecule, the configuration of the 
newly synthesized part will have the configuration corresponding to 
that of the asymmetric agent used for the synthesis. Thus on heating 
the acid brucine salt of methyl-ethyl-malonic acid until no more carlxm 
dioxide is liberated, it is found that the valeric acid which can be obtained 
from the residue contains an excess of the 1- isomer. As shown in the 
formula; below, the central carbon atom is not asymmetric, being attached 
to two carboxyl groups; but it becomes asymmetric in the second .stage 
owing to the exchange of a hydrogen atom for one carboxyl radical with 
loss of COa. When the original active brucine radical is siilit off in the 
third stage, the optical activity of the new compound is due to asymmct ric 
arrangement of groups around the central carbon atom, and thi.s corre- 
sponds to the arrangement of the brucine. 



CjHs COO — brucine 



CaHs COO— brucine 


CHs H 



Cjii^ coon 

I-vultric 


That enzymes may be agents for asymmetric synthesis may be shown 
by the following syntheses. Emulsin acts upon a mixture of ben/.alde- 
hyde and hydrocyanic acid, producing d-bcnzaldchyde cyanhydrin, and 
from this d-mandelic acid can be obtained. The original reagents were 
symmetrical, so the asymmetry of the product was caused liy the cata- 
lyst, emulsin. Similar results are obtained when an active alktiloid is sub- 
stituted for emulsin. The isomer produced depends upon the rotatory 
power of the alkaloid used. Thus when benzaldehyde and hydrocytinic 
acid are condensed in the presence of quinine (1-rotatory), l-man<lclic 
acid IS the product, whereas when quinidine (d-rotatory) is substituted 
for quinine, d-mandelic acid is formed. 

VII. Catalysis by Enzymes 

Of all types of catalysis, that effected by enzymes is most highly 
specific. Enzymes catalyze more complex reactions than do inorganic 
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catalysts. The catalyses of reactions by simple chemical substances tend 
to be general in their action, but the action of enzymes may be sharply 
confined to certain stereochemical configurations in the molecules under- 
going change. This is probably for the reason that the enzymes are highly 
complex substances with specific arrangements in the molecule which are 
able to catalyze the reaction. A visual way of presenting this relationship 
between substrate and enzyme is to show a lock and key relationship, 
but no such actual mechanical arrangement has been proven. The rela- 
tionship is more likely one of the arrangement of secondary valency forces 
in the two molecules. The enzyme and substrate form a labile compound, 
probably through secondary valence bonds. These unstable combinations 
are the active molecules in the reaction. The ability to form such com- 
binations may be limited to certain stereochemical configurations. Part 
of the enzyme-substrate combination may remain undecomposed at the 
equilibrium point. 

A difference of fundamental importance between enzymes and in- 
organic catalysts is the tendency of inorganic catalysts to drive the reac- 
tion in one direction whereas enzymes simply hasten the establishment 
of equilibrium l)etween the reactants and the end-products. The equilib- 
rium point estal)lished by enzymes is usually different from that estab- 
lished by inorganic catalysts such as H'*'. Enzymes are thermolabile, 
while inorganic substances are usually thermostable. Enzymes are more 
sensitive to acid and alkali then inorganic catalysts. Furthermore, en- 
zymes are much more active for unit weight than inorganic substances. 

VIII. Specificity of Enzyme Catalysis 

The information which we possess on the subject of enzymes is largely 
descriptive of tyi)es of action and the conditions affecting enzymatic 
processes. Two enzymes have ])een crystallized, urease and pepsin, but 
it is l)est to consider certain enzymes, such as oxidases, as types of action 
rather than as actual chemical identities. It is not necessary to assume 
the presence of a separate si)ccific enzyme for each process. One enzyme 
may have more than one tyj)e of action, depending on the nature of the 
medium. While a few enzymes, such as invertase and catalase, have 
been shown to be highly specific, others attack large groups of related 
substances, for example the lipases or esterases which may hydrolyze 
almost any ester, the i)roteases which do not show specific action on pro- 
teins, and emulsin which may show three types of action. Absolute 
specificity seems more common in the enzymes which hydrolyze or de- 
compose the carbohydrates than in other groups. But the more general 
action of the enzymes concerned with other groups may be due to mix- 
tures of enzymes. It will be necessary to have crystalline preparations 
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und chemical identification before evidences on s|)ecificity will l)e of much 

value. ^ , I 

Evidences of the specific nature of enzymes is given I)y the dinerent 

products formed from the same substrate by dilTerent enzyme |>repani- 
tions. The hydrolytic cleavage of raffmose l)y inverlasc yields melibiosc 
and fructose, while hydrolysis with emulsin yields sucrose and pilactosc. 
Enzymes which catalyze the same process but which are derived from 
different plants may be affected differently by the pliysical condi- 
tions, such as temperature, or by the actual acidity, i)H, of the medium 
(Fig. 30). 

IX. Classification of Enzymes 

Owing to their colloidal nature and to the formation of adsorption 
compounds, it is difficult to obtain pure preparations of enzymes. I^epsin 
and urease have been crystallized and may be definite cliemical sub- 
stances. But many types of enzyme action may l)e due not to specific 
substances but to certain colloidal conditions of substanc(‘s. The pt‘r- 
oxidases may be highly active colloidal forms of iron or mangaiu‘se ad- 
sorbed on protein molecules. Enzyme preparations freciuently sliow more 
than one type of action. The usual explanation of this is that, owing 
to difficulties of separation, a mixture of enzymes is obtained. Only f(‘w 
of the colloidal enzymes have been well isolated. 

The classification of enzymes is base<I on their action on substrati's. 
The action may be either in the direction of synthesis or of liydrolysis, 
since the function of the enzymatic catalyst is nu‘rely to hast(‘n tlu* 
establishment of equilibrium. The position of the e(juilibrium may b(‘ 
shifted by changes in the acidity of the medium, by temj)eralurt‘ chang(‘, 
or by the mass action of one of the reacting substan('(‘s. 

The types of action of enzymes are various, but nnu tions involving 
the transfer of oxygen or of water, and molecular de('ornj)osil ion, ar(‘ of 
greatest importance. 

Preparations which showed enzymatic action were* first nanu'd with 
out any particular uniformity because sufficient information was not at 
hand to form a logical classification. The names pepsin and papain ar<‘ 
reminiscent of this period. Then a classification on the basis of substrate's 
was attempted, using the name of the substrate with suOix ~ase to indi- 
cate the enzyme. When it became evident that syntlu'sis as well as 
hydrolysis was effected by enzymes, the tennination ~ese was us('d to 
designate the synthetic type of action which led to the formation oi a 
compound. It is obvious that there must be present in phints a mecha- 
nism for the synthetic as well as for the analytic reactions. In a few eases 
the conditions for synthesis have been studied. In many case.s it is 
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necessary to assume that synthesis is a property of the. protoplasm itself,* 
since specific synthetic catalysts have not been demonstrated. 

Table 2 gives a classification of the common enzymes, the substrates, 
with the conditions of their activity and the end-products. 

X. Relation of Enzymes to Temperature 

In enzymatic action it is generally found that the activity is confined 
to a relatively narrow temperature range. At temperatures as high as 
70° C. the activity of most enzymes is destroyed in ten minutes. The 
destruction at temperatures below this is at a slower rate. Temperatures 
of 0° C. or below may allow little activity of the enzyme, but on returning 
to moderate temperatures the activity is generally found not to be 
affected. Freezing at the temperature of liquid air does not greatly affect 
the action of most enzymes. The range of the maintenance of enzyme 
activity is much the same as the temperature range for the existence of 
protoplasmic activity. The optimum temperature for the enzyme is 
taken as the temperature at which it shows the greatest activity, but 
there is concerned here also a time factor of enzyme inactivation which 
becomes prominent in its effect at high temperatures. Some organisms 
may be cooled to the lowest temperatures available and still survive, 
and some organisms live at temperatures near the boiling-point of water. 
Probably the al)ility of protoplasm to live at high temperatures is deter- 
mined l)y the tcmi)crature maxima of its catalysts. 

XI. Relation of the Acidity pH to Enzyme Activity 

The enzymes show a limited range of acidity for their action (Table 3). 
This seems to l)e for the reason that enzymes are ampholytes and show 
differences in activity with differences in the acidity of the medium which 
determines their ionization. wSome enzymes act when in the ionic condi- 
tion; otliers a.ct only in the un-ionized condition. The isoelectric points 
of the various enzymes differ greatly, so that changes in the acidity of 
the j)rotoplasm may bring into action or stop the action of certain en- 
zymes which it contains. 
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Table 3 


OPTIMAL REACTIONS FOR THE ACTIVITY OF VARIOUS ENZYMES 


Enzyme 


Amylase (diastase) 


Autolysis of yeast . 
Bacterial enzymes. 

Carboxylase 

Catalase 

Cellobiase 

Desamidase 

Dextrinase 

Emulsin 

Emulsin (j8-phenol 
glucosidase) .... 

Endoenzymes 

Erepsin 

a-glucosidase 

i^-glucosidase 

Inulase 


Invertase, 


Lactase . . . 
Lipase . . . . 

Maltase. . . 

Oxidase . . . 
Pectase . . . 
Pepsin . . . . 
Peroxidase 
Phytase. . . 


Source Optiniiil pH 

! Asp, nigcr 3-5“S*5 

Asp, oryzm 4.8 

Asp. oryzce 3.0 

Cabbage, carrot, white turnip . 6.0 

Fusarium, CoUctotrlchtmi 6.0 

Malt 4*4 4- 5 

Malt 4'3 (id 25® r.) 

Malt 6.0 (at (){f C ) 

Phaseolus 4.0 6.0 

Potato juice 6.0 7.0 

Yellow turnip 4.a~7.o 

Yeast 6.1 

Hemolytic streptococci 7.0 7.0 

Yeast 5-3 6.2 

Vegetables 7.0 1 0.0 

Fungi About 6.0 

Yeast (grown on aspa,ragin). . . 7.6 8.0 

Asp. oryzce 4.0 

44 

4.0 5-3 

Pneumococci 7.07.8 

Yeast 7.8 

Asp. oryzce 5.8 6.6 

Asp. oryzce Al)out 5.0 

3.8 

Asp. niger 2.5 3.5 

Potato juice |,o 5.0 

.,..1 .,.6 (5.'. 

4-J 

Fresh yea.st cells 4..^ i^..> 

"^cast About 7.0 

Castor-oil cj,o 

f Asp. oryzce 4.0 

[Beer yeast 6.6 

Vegetables 7.0 jq.o 

Fruit 4.3 

4.0- 4. 5 

Vegetables 7*0""io.o 

5.4 s-s 
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Table 3 — Continued 


OPTIMAL REACTIONS TOR THE ACTIVITY OE VARIOUS ENZYMES 


Enzyme 


Protease 


Proteolytic enzymes 
Raffmase 

Trypsin 

Tyrosinase 

Urease 

Zymase 

Zymophosphatase . 


Source Optimal pH 


Asp, oryzcB 

5*1 

Bacteria 

6.0-7.0 

Malt 

3 - 7 - 4-2 

Papain 

5.O-7.O 

Yeast 

6 . 7 - 8.5 

Yeast. 

4 - 0 - 5 -O 

Yeast 

7*0 

Yeast 

8.0 

Potato 

6.S-8.0 

Soy-be^n 

About 7.0 

Living yeast 

4 - 5 - 6 .S 

Yeast 

6.2-6.6 


The enzymes are highly colloidal catalysts of vital reactions which 
are characterized by thermal instability and sensitivity to those agents 
which act as protoplasm poisons. Of much importance in the killing of 
protoplasm at high temperature and by certain toxic agents is the de- 
struction or lack of coordination of the life processes through the effects 
on its enzymatic system. Certain Phormidia which do not make use of 
enzymes for the catalysis of their reactions may live at temperatures 
near the boiling-point of water, and certainly 30-40° C. above the killing 
points of higher plants. Also these algae live in the presence of free hydro- 
gen sulphide, which is toxic to higher organisms. 

XII. Combinations of Enzyme and Substrate 

Enzymes act probably by forming adsorption compounds with the 
reactants, bringing them into closer contact so that chemical transforma- 
tions can occur. The compound of invertase and its substrate, sucrose, 
is very labile and readily breaks down with the introduction of a molecule 
of water to form glucose and fructose. That a combination of enzyme and 
substrate is formed becomes evident in a latent period preliminary to the 
appearance of the products of the reaction. 

That enzymes form adsorption compounds is easily demonstrated. 
In fact, selective adsorption may be used to separate enzyme mixtures. 
Invertase is quantitatively adsorbed by electropositive adsorbants, such 
as Fe(OH)3 and Al(OH)3, both in acid and alkaline media. Invertase 
evidently is ionized as an acid. Pepsin is also acid in nature. It may be 
adsorbed on infusorial earth, but it is not adsorbed by kaolin. Zymase 
is a neutral substance. It is not adsorbed by Fe(OH)3. Lipase can 
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be adsorbed quantitatively on charcoal, in either acid or alkaline 
media. 

Trypsin and malt amylase are amphoteric colloids. They are com- 
pletely adsorbed in neutral or acid reactions l)y kaoM and infusorial 
earth, but are incompletely or not at all adsorbed in alkaline media. 

Invertase is just as active whether it is dispersed in colloidal solution, 
or adsorbed on a colloid, saponin, or adsorbed on a solid, charcoal. 

XIIL The Autocatalytic System of Cells 

Living protoplasm may be considered as an autocatalytic substaiK'e; 
it transforms inorganic substances into living materials. Hie system to 
maintain itself must build up as fast as it is torn down, and to have 
growth of the protoplasm the constructive [ihase must continually he 
the more active. The mechanism of the formation of the first |)ortion of 
this autocatalytic system has not been elucidated, but once given a mass 
of living protoplasm on the earth, further synthesis is the most ('ommon 
property of it. There is so gradual a change from non-living into living 
systems that it is not impossible to believe that if the |)ro|)er conditions 
should be given, life forms would always be produced. Perhaps condit ions 
on the earth at the time of the first formation of protoplasm were differtmt 
from those of the present, for under present conditions no new protoj)lasm 
forms from entirely inorganic material. The synthesis of carbohydrates, 
amino acids, and their derivatives are all possible without the interven- 
tion of live protoplasm, and perhaps before living forms enter<‘d the 
earth there was a considerable accumulation of such organic malta-ijds, 
which might be united into autocatalytic [irotoplasm under conditions 
now unknown to us. 

Certainly the most primitive organisms make use of simpler (ailalytic 
systems than the complex enzymes and photocatalysis of higlun* plants. 
The important place of sulphur, iron, and mangaru'se as catrdysts in 
oxidations and energy transformations is just now liec'oming n'cognized. 
The relation of the acidity of the medium has lieen retngnized as (yf much 
importance for catalytic systems. The functions of delinite organic' sul)- 
stances as catalysts have now been indicated; and even two enzymes, 
urease and pepsin, have been crystallized. So we are now in position to 
gain more definite information on enzyme action. 

Besides the use of iron, sulphur, manganese, and copper as catalysts, 
the probable use of the temperature of the environment to siieed ui') re- 
actions should not be overlooked, for this may be the key to the .solution 
of the question as to how living protoplasm originated, iliere are ('(‘rtain 
Phormidia living in hot springs at 90"* C. or aliove whic'h evidently do not 
use the enzymatic scheme for the catalysis of their reactions. Perliaps 
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enzymes are unnecessary at such high tempemtprSss, and inorganic cat- 
alysts, such as sulphur and iron, may serve as. oxweii^ carriers. Ot^^ 
vital reactions may be catalyzed by heat or light, 
not live when the temperature is much lower than ‘1^5° ' jjyid^ntly* 

enzymatic systems have not been established in them, if they are to be 
considered as most primitive, or they have lost the mechanisms for form- 
ing enzymes, if they are considered to have reverted from higher types of 
organisms. It seems most logical to assume that simple mechanisms 
should be most primitive, so we may have in these Phormidia examples 
of the first autocatalytic systems. 

Physical agents as catalysts are generally not specific. A rise of tem- 
perature of C. multiplies the rate of all physical processes about i to 
1. 41 times, and chemical reactions in general are speeded up 2-3 times 
by the same temperature increase. Hydrogen and hydroxyl ions show 
little or no specificity as catalysts; their effect is largely that of their 
mass action tending to increase the ionization, solubility, or aggregation 
of the reactants. Inorganic and physical catalysts may drive reactions 
in one direction owing to their mass action. The equilibria established 
by physical and inorganic catalysts may be different from those estab- 
lished by enzymes. Enzymes generally are highly specific; they may 
catalyze reactions of only certain stereochemical configurations. En- 
zymes generally may catalyze more complicated reactions than inorganic 
catalysts, owing to the highly selective type of action on certain reactions 
which are possible in the chemical system. 

Enzymes are generally more sensitive to acid and alkali than inor- 
ganic catalysts. This is for the reason that many enzyme systems are 
amphoteric, and the ionization, solubility, and physical condition of the 
enzymes are much affected by acidity changes. Enzymes are generally 
much more active on the basis of unit weight than are inorganic catalysts. 
Invertase is about 5,000 times as active in the cleavage of sucrose as 
an eciual weight of HCl. Enzymes may not lose their activity to any 
considerable extent in the course of the catalysis. Invertase has been 
shown to catalyze the hydrolysis of at least 1,000,000 times its weight of 
sucrose without decreasing its original activity to any appreciable degree. 

In certain cases the biological catalysts seem to be highly active, 
loose compounds of inorganic catalysts. The peroxidases may be man- 
^ganese or iron adsorbed on protein. In hemoglobin, iron is loosely bound 
and is evidently the active agent as an oxygen carrier. In chlorophyl, 
magnesium is the key substance. Both of these substances contain the 
inorganic catalyst in combination with pyrrol nuclei. Cytochrome con- 
tains groups similar to those of chlorophyl and hemoglobin. 

Vital processes involve mainly reactions catalyzed by enzymes; simple 
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chemical reactions, such as nculralizalions, arc not of grtuii ijrominence 
in metabolism. 


XIV. DistrUmtion of Enzymes 

Since enzymes in many cases have been shown lo lie t'oinplex mole- 
cules or substances activated by adsorption on conpylex molemiles, it is 
to be exi)ecte(l that conditions affecting the state of division of the col- 
loidal particles will be of importance in determining the activity and <lis- 
tribution of enzymes in dilTerent parts of ('ells. luizymes 'whicli are 
soluble in the external medium and for which tlie limiting siirbu'e of tlie 
protoplast is permeal)le, may dilTuse out from cells. (\‘lls an* 1 1ms ('apable 
of effecting digestions outside of the |)rotoplast. Siu'fi dilTusible onzymes 
are called exoenzymes. I'hey may ('alalyze iTac'tJons in tlu* nuslium sur- 
rounding the cell. Other enz3nnes either are not soluble in tin* usual 
aqueous medium which surrounds the |)rotoplast or consist of such large 
particles that they are not easily dilTusible. Tlunse cuzynu*s act mainly 
within the cell; they arc endoenzymes. lMnIoenzytru*s, sucli asinvlniast*, 
may be liberated upon autolysis of the ('(Tl. ('ells may Ik* killed witlmul 
stopping the action of endoenzymes. Ycaist c(‘lls kilk^l with acetoiu* may 
still retain their zymase activity. In some c'asc's tlu* endotuizynu's may be 
extracted by grinding the cells in noi\-a(iut‘ous solvi'nts. Lipast* may 
be extracted with glycerin. Probal)Iy in this case lack of st)lul)ilily in 
aciueous phases prevents diffusion from the cell. In many vital reactions 
no enzyme catalysts have been found, and it must be assumed that tlu* 
reactions are effected l)y the protoplasm itself. 'I'his is tlu* cas(* of tlu* 
more complex processes, which evidently rcKiuiia* a highly sp(‘(dtic cours(? 
to be followed through the multitude of possibh* (Tuanit'a! transforma- 
tions. The proto|)lasm evidently directs the coursi* of tiu* n'avtion and 
may change the nature of the {)r()ct‘ss from lime lo time, possibly by 
forming or removing the projKu enzymes for ('(*rtain n'actions. 'Flu* < ('ll 
is not always at the mercy of the environment, l)ul may di'lcnniiu' tin* 
course of metabolism in most cases. 

In some tissues the enzynu's arc prc'sent in r('rtain cells and tlu'ir 
substrates are in other cells. Thus in bitter almonds the (*mulsin and 
amygdalin are present in different cells, and the (ka’omposition of llu' 
amygdalin is accomplished only when the tissue is rnax'cu'alt'd or tlu* (‘n* 
zyme and substrate are bnmght together by conditions whi('h allow tlu'ir 
diffusion between the cells. Hofmeister assunu'd that eveit within tlu* 
cell, enzyme and substrate may ])c confined to dilTerent com|)artments or 
separate phases of the cell system. Perhaps a better t'xplanation of the 
regulation of enzyme action by the protoplast is the exidanation on the 
basis of the inactivation of the enzyme l)y an inhiljitor. 
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Processes of storage, digestion, and transport of food materials in 
plants are effected by the production of enzymes. To produce the hy- 
drolyses required in the transport of substances, the hydrolytic enzymes 
must be present in the tissue concerned. If the same enzyme is also the 
synthetic catalyst, then conditions at the point of storage must be dif- 
ferent from those at the point of digestion. Thus in the transport of 
starch from leaves, amylase and maltase must be active. At the point 
of storage of starch the synthetic action must overbalance the hydrolytic 
phase. Yet the nature of the enzymatic action, whether it is synthetic 
or analytic, must change with time, for with the germination of seed or 
tuber, etc., the condensed storage product must be mobilized again for 
transport. 

Diastase is generally more abundant in leaves which are rich in starch 
than in those which operate at high soluble sugar concentrations. It is 
more abundant in leaves which are exposed to light than in shaded leaves. 
Barley grown in sand containing phosphate has two or three times as 
much diastatic activity as barley grown in sand with insufficient phos- 
phate. Diastase is especially abundant in the seeds, leaves, and fruits 
of plants belonging to the Leguminos^e. Phaseolus and Pistim are 
especially rich in diastase. The diastase concerned in translocation is 
especially abundant in bean and pea leaves and reproductive organs. 
This translocation diastase, an amylase, acts especially on freshly formed 
starch in leaves. The diastase concerned in secretion is especially formed 
during seed germination, at the expense of the protoplasm and cell nuclei. 
This secretion diastase, amylopectase, differs in properties from trans- 
location diastase; it acts on starch grains and on the paste formed from 
starch. 

The failure of certain leaves, such as onion, to form starch during 
photosynthesis may be due to lack of the amylases, dextrinases, or maltase 
necessary for starch formation. Such leaves accumulate soluble sugars 
instead of starch. During the growth period, the leaves of Beta vulgaris 
contain invertase, diastase, and maltase; the stems, invertase, diastase, 
inulase, and emulsin; the roots contain diastase, inulase, and emulsin, 
but no invertase. Evidently the absence of invertase allows sucrose to 
accumulate in the root. 

The proteases are probably of universal distribution in cells, because 
they have both synthetic and hydrolytic functions and must be present 
in all protoplasmic structures. These proteolytic enzymes are especially 
abundant in germinating seeds which have a high protein content, such 
as lupines. 

Resting seeds contain enzymes in very small amounts or in an in- 
activated condition. But as soon as water is absorbed and germination 
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begins, there is rapid formation or activation of the necessary diastatic, 
proteolytic, lipolytic, and other enzymes. These enzynu^s are especially 
formed by the embryo rather than in the endosperm. 1110 scutellum of 
monocotyledonous seeds is an especially active organ in the secretion of 
diastase and other enzymes for the digestion of tlte reserves of the endo- 
sperm. 

XV. Formation of Fjizymes 

The amount of enzyme i)roduced t>y cells dei)ends not so miudi uiK)n 
the nature of the cells as ui)on the substrate in whicli growtli takt\s |>lace. 
A strain of PemciUiuni forms invertase only when the tnilrient medium 
contains calcium lactate. When grown on starch, it pnaluces al)undant 
diastase; in milk it produces very actively the proteolytic enzymes. 
Most bacteria and fungi produce the enzymes necessary for tlte utiliza- 
tion of the sul)stratc on which they grow. The diiTcarnces in tmzyme 
formation by ditlerent organisms is mainly ([uantitative ratlui* than 
qualitative. Yet not all organisms are caftable of forming all (mzymes, 
and this is used to advantage in differentiating between strains of bac- 
teria. 

Rarely is a new enzynte formed owing to the i)resen('e in the* medium 
of a specilic sultstance or to specific conditions. 'Phe adaptation of or- 
ganisms to certain media may not consist in the formation of a new 
enzyme, but may be merely a change in the const it iUa)n of the enzyme 
complex or the configuration of one of its componc'nts. It is not iu*cessary 
to assume the existence of a se|)arate s|)ecific enzynu' for (‘axdi process. 
The same enzyme may catalyze various reactions at different rati's. 
There may be different ty|)es of ('atalysis ratlu'r than a multitud(‘ of 
specific catalysts. The critical thermal incrtmunits of vital proc(*ss(*s in- 
dicate rather widespread action of a few catalysts, such as iron, ami 
hydroxyl ion. 

Definite chemical groups must be present for the synthesis of certain 
enzymes. This indicates that these structures may he built into tlu' tm- 
zyme. Closely related substances may substitute (’crtain siibstanc(‘s 
which lead to the production of some enzymes. and /V/z/c//- 

lium in Czapek’s solution do not form tannase, but if sucrost‘, tannic, or 
gallic acid is present, tannase is formed, d'he greaTa* the conciaitration 
of tannic acid is, the more tannase is produced. Ivcucine is essential for 
the formation of urease by Bacillus prokiis, but it is not nec'essary for 
catalase formation. Catalase formation is stimulated by the presenc(‘ of 
lactic acid, yet catalase is not present in certain lactic liacteria. 1'Iie 
acidity of the medium influences urease jiroduction in B, prokus, 'Fhe 
maximum urease formation takes [ilace at pl l 7. 
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Invertase formation in yeasts is influenced by both the temperature 
and the acidity. The optimum temperature for growth of a certain yeast 
was at 23,5° C.; the optimum temperature for invertase formation was 
at 27.5° C. The optimum pH for invertase formation was at pH 5.6, 
while pH 4 .o~- 4.6 is the optimum for invertase activity. Hence it must 
be borne in mind that there may be different optima for invertase forma- 
tion and for its activity. 

The presence of starch in the medium increases the diastatic activity 
of various fungi, while sugar inhibits it. The degree of such inhibition 
depends upon the concentration of the sugar and the type of organism. 

There is a great abundance of diastase in leaves early in the morning, 
but the diastatic activity decreases as the temperature rises. This may 
be due to temperature inactivation or destruction of the diastase of the 
leaf by light exposure. Light exposure, especially to ultra-violet de- 
creases the diastatic activity of cereals. 

Yeast which otherwise cannot invert sucrose can invert it when 
grown in media containing equal amounts of sucrose and glucose. Also, 
yeasts which do not produce galactase may split galactose if an equal 
amount of glucose is present in the nutrient medium. The nitrogen 
source greatly influences invertase synthesis and the diastatic activity in 
Aspergillus oryzce and Penicillium camemberti. The presence of traces of 
zinc greatly accelerates the formation of diastase in cultures of Aspergillus 
niger. Boron, even in a few parts per billion, greatly accelerates the 
diastatic activity in leaves, and thus favors the translocation of carbo- 
hydrates. 

The presence of free oxygen greatly increases the zymase activity of 
certain fungi, although zymase itself functions under anaerobic conditions. 

XVL Proenzymes or Zymogens 

Enzymes are frequently secreted in inactive forms called zymogens 
or proenzymes. These zymogens are later transformed by activating sub- 
stances into the active form of the enzyme. Thus peptases and tryptases 
are secreted as pepsinogen and trypsinogen. Both of these zymogens 
have been isolated. Esterases are often present in cells in the inactive 
condition. 


XVII. Activation of Zymogens 

Zymogens may be activated by acids, alkalies, or other chemical 
substances, or by specific complex organic agents called kinases. Kinases 
are the most highly specific of all activators. Enzyme activation may 
involve the formation of complex organic salts with heavy metals. The 
effect of heavy metals, such as lead and manganese, in activating oxidizing 
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enzymes may consist in the formation of adsorption or true clieminil 
compounds of the heavy metal. 

The zymogens may be regardeti not as preliminary stages in tlH‘ syn- 
thCwSis of a conii)lex enzyme molecule, but slmuhl be considered more 
properly as a combination of the enzyme with an inactivating or paralyz- 
ing substance. Activation then may l)e merely the remo\'al of the in- 
hibiting or i)aralyzing substance and is not nect^ssarily a syntlietic |)roC' 
ess. The transformation of an inactive zymogen to an active enzyme is 
an irreversible reaction. 


XVriL Coenzynm 

Enzyme activity may l)e increased by the |)resence of (‘ertain sul)- 
stances which are generally sj)ecific for each enzyme. Such suf stance 
are called accelerators or coenzymes, 'The additi()n of minute trax'es of 
manganese salts causes a great increase in the adivity of hiccase. Ihu*- 
haps in this case there is formation of an adsorption compound of man- 
ganese, which is the active agent, ft is practically impossible to (‘xclude 
the presence of manganese from the lacc'asc preparation, so all of the 
activity may be due to such adsorbed mangan(‘se. ('alt'iiim salts are 
coenzymes of i)ectase. Probably calcium is necessary for tlie pnH’i{)ita- 
tion reaction produced by i)ectase. Asparagin iiu'reases diastatic activity; 
the reason for this is not clear. Phosj)hates increase the adivity of zy- 
mase, perhaps because they increase the formation of hexosii j)hosphates, 
which are intermediates in the reaction. 

XIX. A nil enzymes 

Substances which have a marked effect in inhibiting tin* action of 
enzymes may be called antienzymes, d'hese subslaiu'es {)robably (ombim* 
with the enzyme or some part of it to rend(‘r it inaetiva*. 'I'bus ( vanides 
may inactivate the iron necessary for the ai'tivity of oxidizing (ai/ym<‘ 
systems. A(lsori)ti()n reactions hy various substaiux's may <nuse tlnan 
to act as antienzymes, hy their being adsorbed upon the artivi' (‘nzynu‘ 
surface to the exclusion of the substrate. 
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GENERAL METABOLISM 

CHAPTER I 

ABSORPTION AND SYNTHESIS 

The vital reactions of the plant are carried out in a complex system 
of phases, some liquid, such as the cell vacuole, some gels, as the denser 
part of the protoplasm, and some solid phases, represented by numerous 
cell inclusions which may be in the crystalline state. It is possible to 
remove the cell sap as from a large celled Valonia and to feel that little 
change in composition has occurred during the removal. Similarly one 
can obtain crystalline proteins, starch grains, or other cell inclusions with 
apparently the same composition as existed in the cell. But when one 
proceeds to the analysis of protoplasm, the estimation of its composition 
in living matter becomes impossible with our present technique. The 
compounds of the protoplasm are often easily decomposed, or oxidized, 
or otherwise changed by the enzymes or other agencies already present 
in the cell. The methods of analysis themselves change the physical 
properties and chemical constitution of the protoplasmic substance. 
The living substance itself is continually undergoing change. Every- 
thing in the protoplasm is in a continual state of flux. There is change of 
chemical constitution and physical properties from one moment to the 
next, with even slight changes in the environment, or even in a perfectly 
constant environment. We can have a condition of complete cessation 
of change in the protoplasm only after it has ceased to be alive. It is not 
[)ossible to find a living protoplasmic molecule, a search for which has 
often been attempted. The smallest living unit is the cell itself. Cyto- 
plasm may live for a time without a nucleus, or the nucleus without 
cytoplasm, but such independent existence of either is not prolonged, 
and there is usually no growth of the separated^ part. The cell is the unit 
whose reactions we shall study. 

Is it not possible that the substances making up the cell may be bound 
by secondary or primary chemical valencies so as to make a unit, when 
it is known that the units of crystals are so united? We have been in- 
clined in the past to think of chemical union as being a much closer 
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association of constituents than the association of substaiu'es by ach 
hesion or cohesion, but certainly chemi('al reactions may be influenced 
by the latter classes of phenomena. I^>ssil)ly vve should consider tliat 
the living unit of prolo[)lasm is t he mass of phasi‘s cjipablt* of being lield 
together and coordinated by all of these forces. Wlum a certain protoplast 
by its autocatalytic reactions has increased its size to a certain valut*, 
there is an increasing tendency for a release of the forces whicli lend to 
hold the mass together. This finally results in cell division, with a cam- 
siclerable regularity in the determining limit for size in any certain species 
of plant. The individual life units are neither as large as !iousc\s tior as 
small as single molecules. The size which may be attained l)y the unit 
is relatively limited. I'he disru|)tive tendencies finally overlialanee the 
tendencies to remain connected, and the cell divides com|dtnely or (‘stab- 
lishes independent centers of activity within a supposedly eommon mass 
of cytoplasm. 

The cells of a higher plant can all start from a singlt! fert iliz(‘d (*gg. 'I'he 
somatic cells change in size and structure ac('ording to the .sp(*cific func- 
tion which they ])erforTn in the division of labor of tlu* organism. 'The 
size and structure is adapted to the function of t^ach lissut*. IVrliai)s the 
functions of the cells determine their differentiation in tlu* tissu(‘s of the 
plant. When cells take on a new function, they may cliange* their morphol- 
ogy accordingly. After difTerentiation has progrt‘ss(*d to modify tlu? 
cell greatly from the meristematic form, a change* of function or mor- 
phole:)gy of such a cell may be impossible*. ('e‘lls Ix'e'ome* stabilizexl with 
age into specific tissues from which they may not be* able* again to l)e‘co]m' 
meristematic or capable of re*i)ro(lucing the whole* organism. 

However sim|)lc or e'ennplc.x (nils may be, th(‘y all show llu* funda- 
mental physiole)gie:al pre)j)ertie‘S of living ttuUte*!': aiUomatic s(*lf main- 
tenance, growth, anel reprexluclion. 'Fo draw the* liiu* l)etw(‘en tin* living 
and non-living things is indend eiilllcull, for they show many propi'rlies 
in common, but when man leairns to put toge‘tlu*r non-living systems so 
that they show these fundamental physiological proixaties, w(* sliall 
probably concede that he has created a living tiling. Hut at pr(‘st*nt, 
living things come only from living things. There is no e're*ation of living 
matter de now which we have tieen able so far to de‘te‘e*i in tlu* <*arth, 
however much such origin in the past may lie |>e)stulated Uy known 
cosmic conditions. 

Living protoplasm catalyzes the formation eif more* living suhstane'es; 
in fact, it seems that this process has licen followe*d from tlu* very be*gin- 
ning of life on the earth, for all living things sliow genetic relationslui>s 
with each other, whether plant or animal. 

The reactions whereby new protoplasm is built up from non-living 
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materials with the absorption of energy are grouped under the name 
anabolism. The processes leading to the utilization of the stored energy 
with the physical and chemical mechanism for accomplishing it are 
differentiated by the term catabolism. Both the constructive and destruc- 
tive phases may be described as metabolism^ a term which is synonymous 
with vital processes. 

Metabolism, at least as far as we have been able to discover, is car- 
ried on mainly by the interaction of chemical substances of the cell 
through catalysts, and especially by means of those thermolabile bio- 
logical catalysts known as enzymes. The simple combination of chemical 
substances by neutralization, esterification, or similar processes, and the 
decomposition of these substances by reversal of the reactions, is too 
slow in many cases for maintaining the metabolic rate. The hydrolysis 
of an ester such as ethyl butyrate in water would take a very long time 
to reach the half-way point toward completion, but the introduction of a 
catalyst such as lipase enormously increases the rate of the reaction. 
The effect of the enzymes may be much greater than that of chemical 
catalysts such as the acidity of the medium. The enzyme lactase is 
5,000 times as effective in hydrolyzing lactose as an equal weight of HCl. 

The rate of chemical reactions in general is multiplied by 2 or 3 for 
each rise in temperature of lo"^ C., a rule which was formulated by Van’t 
Hoff. The temperature coefficient of a chemical reaction (Q/io) is com- 
monly known as the Van’t Hoff coefficient. Accordingly, if a chemical 
reaction was proceeding at rate i at o® C., at 10° C. it would proceed at 
a rate 2 or 3 times as fast. At the usual temperatures for growth, 20°-- 
30“^ C., this same reaction would proceed at a rate of from 4 or q to 8 or 
27. At a temperature of 90° C. this reaction would proceed at a rate 
lying between 2‘‘ or 512 and 3‘‘ or 19,683. In the hot springs of Yellow- 
stone Park, organisms have been found living at 90° C. or above, and 
they seem to be devoid of the usual thermolabile enzymes found in ordi- 
nary [)lanls. Possibly the use of enzymes to catalyze reactions at such 
high temperatures is not demanded because the chemical reactions re- 
c|uired for metabolism are already proceeding at a high rate. 

I- Plant Metabolism in the Stages of Plant Evolution 

A characteristic of metabolism of the higher green plants and, in fact, 
also of many lower plants without chlorophyl is that the synthetic phases 
overbalance the phases which are destructive of organic compounds. 
The metabolism of such plants leads to accumulation of organic sub- 
stances in nature. Green plants may be contrasted with animals, espe- 
cially in this regard. The animal metabolism and the metabolism of 
many bacteria and fungi are entirely at the expense of the photosynthetic 
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activities of the green i)lant. Plants are said to he aiitotrophif whim 
they synthesi/x their own organic compounds froin the inorganic Iiy 
means of the absorption of radiant energy, as in pliotosynthesis, or by 
the oxidation of reduced inorganic substances, as in chernosynthesis, 
Plants which ordinarily use only elal)orated carlam (‘ompoundH for ol)- 
taining energy are known as hekrotroph, 'Fhe autotrophic type of me- 
tabolism must have preceded the develo|)ment of luUerotropliii' nutri- 
tion in the evolution of i)lants. 

The simplest organisms coming in upon a l)arren earth must liave 
had a tyi)e of metal)oIisni somewhat different from tlie complex forms 
which have now evolved. Such sinii)le organisms must liave Inmn able 
to utilize the inorganu* materials at hand under the conditions offere<l 
by the environment then existing. It cannot l)e expected that they 
appeared fully sup[)lied with a .system of enzymes, |>lu)tosyntht*tic pig- 
ments, etc., such as we find in the modern higlun* {dant. The first plants 
most pr()bal)ly had the ability to ll.x atmospheric nitrogen and to dtuive 
energy l)y the oxidation of reduced compounds idrea<ly existing in na- 
ture, such as hydrogen suli)hide or ferrous iron. Some of tin* simphsst 
forms now extant, the lilue green alga‘, and certain baettnaa rtdated to 
this group, still make use of this ty|)e of metabolic reaction. Sonu* of 
these plant forms have proto|)lasm whicdi possesst's [)ro|H‘rtit‘s not shown 
by the protoplasm of higher plants. Kxample is found in tlu‘ ability of 
certain Idiormidia to fix gaseous nitrogen, to live cluanosyntlKUically, and 
to grow at temperatures surticiently high to coagulate and kill tlu* proto- 
plasm of common higher plants, and also high enough to d(\stroy the 
action of all of the enzymes. 

In the course of evolution the primitivi* forms evidtuUly have made 
use of new mechanisms for carrying on nuUaholism. A first grisit advance 
was probably the use of enzymes to catalyze ix^actions at i*omparat ively 
low temperatures. A second important a.dvaiu'(‘ was in tlu' use of photo- 
synthetic pigments for the absorption and storagi‘ of tlu* ciu'rgy of ligiit. 
Chernosynthesis ])rohably preceded pholosyntlu^sis. 'flu’ i)ro{luetion of 
bacteriopurjHirin, if this substance has pho'tosyntluUic action, was atuong 
the first trials, but this did not lead to as much success as the pinxluction 
of chlorophyl. We can definitely say that such organisms, capable of 
forming organic substances l)y photosynthesis or cluunosynthesis, nts'cs- 
sarily preceded both the animal forms and such hetm-oi rophii*' |)lant 
organisms as the fungi. The assumj^tion of a photosyntluUic function 
by plants has led to the major developments of the organii' worltl. 

Not always has advance in the scale of evolution \mm a(aH)mi)anied 
by the gain of a new metabolic mechanism. All highm* plants stHun to 
have lost the ability to fix atmospheric nitrogen, and this was a very 
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serious loss when it is remembered that this gaseous form of nitrogen is 
the most abundant on the earth. The acquisition of nitrogen compounds 
is one of the major limiting factors in plant growth. It would seem that 
retention of this ability to fix atmospheric nitrogen must have militated 
against the performance of some other important function, such as photo- 
synthesis. For if it did not, why should not some higher forms still pos- 
sess this ability? 

In like manner many higher plants have lost the ability to endure 
extreme fluctuations in temperature by adaptation, as in the process of 
hardening to increase their resistance to freezing temperatures. 

As we proceed forward in the scale of plant evolution it becomes 
evident that there is a gradual increase in the complexity of the organic 
system. Entirely new compounds are found. The production of lignin 
by the pteridophytes marked a change from the evolutionary failures of 
the mosses to the dominance of the plants of the coal measures. Lignin 
allowed expansion of the plant to great size, enabling it to spread into the 
air large surfaces capable of photosynthesis. Algae living in the sea had al- 
ready reached such size without the use of lignin, on account of the greater 
buoyancy of the water. But large size in land plants did not occur until 
this important structural substance was developed. The greater com- 
plexity of compounds in the higher plants is evidenced also by the pro- 
duction of such compounds as the alkaloids which are ruainly found in 
the dicotyledonous plants. There is promise that the whole path of the 
evolution and descent of plants may be found through the chemical re- 
lationships of the plant proteins as determined in serological reactions. 
As a result of his experiments on the relationships of plant proteins, Mez 
has proposed the scheme of plant relationships given in the diagram 
(Fig. 46). 

That s[)ccies and genera of plants differ in the fine points of their 
metabolism is shown by the multitudinous differences in the products 
derived from |)lants. The potato is valued largely for the starch which it 
produces; the artichoke stores inulin instead. Differences in the fine 
|)oints of metabolism lead to the production of substances of widely differ- 
ent properties. 

However much we may wish to do so, we cannot trace minutely the 
change of one type of metabolism into another. We may hope first to 
trace the transition of one genus of plants into another and to learn the 
causes underlying each transition. Evidently, the finer type of metabo- 
lism carried on is due to genetic inheritance, and this is bound up with 
the chromosomes of the nucleus. The nucleus has been considered as a 
governing body for cell activities. Since the production of certain sub- 
stances in plants may depend upon the presence of particular parts of 
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chromosomes in the nucleus, it wcnild seem that the nHa haaisiu t onIroL 
ling or inciting a particular reaction of indaholisin, siu h as the pnxiuc- 
tion of anthocyanin, must he resi<Ient in tlie |)articular chromosome, 
perhaps at a {Particular position. But we have far to go to the under- 
standing of such things. 

IL Development of the Ideas of Plant Meiabolism 

The history of plant nutrition forms one of tlie most interesting phases 
of the development of scientihc thought, d'lte (Jreeks at tlie time of Aris- 



Fi< 5 . l{rrua«'il I'ali.sy, i.snn;') « ■') , 


“You will admit that when you UriuK dium into the lirld, it h to tclutn to flu- -.oil -.uinrlhiiif that Im-, 
been taken away. . . . When a plant is hnrned. it is mhnT<l to a salty aOi « ailed alialv l.y ajH.thrt arirs 
and philoHophcrs. . . . Every sort of plant without exeeplion eonliunn honu’ kiml t»t - „ii n.,,,- \,,u not 
seen certain laborers when sowing afield with wheat for the second year in ante.sam, burn ih< tmie.ed 
straw which had been taken from the lieldt' In the ushes will he found the salt th.il ilir ntraw look out of 
the soil; if this is pul back, the soil is improved. Being burnt on the ground, if servr-. a*, manure breauHc 
it returns to the soil those substances that had been taken away.” 

Recepk veritable par laqudle Urns kv homma de la Frawt pmrnmt apprmlrr ,} mHUipltrr rt auKmmirf Irurs 
thrfisars, 1563, 

totle (384-322 B.c.) had observed that plants grow by materials which 
they take up from their environment. Since the natun- of gases and of 
the air was not known, the Greeks naturally concluded that the soil 
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must furnish the nutritive elements to plants. Their ideas of plant nutri- 
tion were too much influenced by the observations which they could 
more easily make on animal nutrition. It was considered that the soil 
contained substances of the nature of humus which the plant absorbed 
and built into its structure. But since plants differed from animals in 



Fig. 4. —Joannes Haptista van Helniont, 1577-1644. 

“I took an earthen vessel in which I put 200 pounds of soil dried in an oven; then I moistened with 
rain water and pressed hard into it a shoot of willow weiKhinp; five pounds. After exactly five years the 
tree that had ^rown ui) weighed 169 poumls and about three ounces. But the vessel had never received 
anything but rain water or distilled water to moisten the soil when this was necessary, and it remained 
full of soil, which was still tightly [lacked, and, lest any dust from outside should get into the soil, it was 
covered with a sheet of iron coated with tin but perforated with many holes. 1 did not take the weight of 
the leaves that fell in the autumn. In the end I dried the soil once more and got the same 200 pounds that 
I started with, le.ss about two ounces. Therefore the 169 pounds of wood, bark, and root arose from the 
water alone.” 

From the translation in E. Russell’s “Soil Conditions and Plant Growth” of Van Helmont’s, Complexi- 
onum atqiie Mislionujyi Ekmenlaliurn t'igmenlum (in his Opera Omnia). 

producing no excrement, it was necessary to add that the plant took 
from the soil by selective absorption only those substances which it 
used for making its structure. This humus theory of plant nutrition held 
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sway until the inlroduction of the exi)erimental method in plant physiol*, 
ogy nearly two thousand years later. 

Palissy (Fig. 3), in 1563, made the observation that manures, and the 
ash of plants when applied to the field, increase the growtli of cro|)s. 



Fic. S.—Jolm W<K)(lwanl, r66.«; -lyaS. (By courlc'Hy of the liritl.h Mii .ruin ) 

“Vegetables are not forme*! of water, Imt of ;i certain peculiar terrestrial matter It luet lte<'n nhown 
that there is u considerable ciuantity of this matter contaitxsl in rain, spring, and river water, th.it the 
greatest jiart of the lluid mass that ascends up into plants (hs's not settle there but p.i'.se-. ihrough their 
pores iind exhales ui) into the atmosphere: that a great part of the terrrsirial niatler, miM-.l with water, 
pusses up into the jilant along with it, tin thsit the plant is timre or less juigtiumled in propuriioii a*t the 
water contains a greater or less <|uantity of that matter; from all of which we may reastmaldy itiler. that 
earth, and not water, is the matter that constitutes vegetahles.” 

Thoughts and Experiments on Vegetation, riiil. 'rrjins., XXI, .pHj i(H)t). 


This observation was followed almost a century later (iS^o) !>y tlie 
search by Glauber for substances in manures which produced an iiu rcasc 
in plant Rrowth. Glauber succeeded in isohuiiift saltpeter (p(»tassium 
nitrate) from soil on which manure had been lyinj'. On the application of 
this salt[)ctcr to the soil he aot enormously increased growth. 'I’he fact 
that the saltpeter came from the urine or feces of animals indicat<(d that 
saltpeter came from the food of animals, that is from i)lant materitils. 
This was the first definite connection of chemical substances with plant 
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nutrition. The brilliancy and exactness of Glauber’s experimentation 
led to an accurate conclusion because he dealt with substances whose 
chemical technique was partly known by chemists of his time. Previously, 
the classical experiments of Van Helmont (1577-1644) (Fig. 4) had led 
to the erroneous conclusion that the dry weight of plants came mainly 
from water, for the reason that the nature of gases was unknown and the 
possibility of atmospheric gases supplying substance to the plant was 



6, -Marcello Malplt^hi. 1628-1604. 


never suspcclcd. Van Helmont’s conclusion from his experiment was 
perfectly logical and his techniciue good, considering the status of chem- 
ical knowledge at his time. 

An accurate exi)eriment conducted upon the influence of water derived 
from various sources upon plant growth was conducted by John Wood- 
ward (Fig. 5) in idgg. He grew spearmint in rain-water, in water from 
the Thames River, in sewage water from the Hyde Park, London, con- 
duit, and in a water culture made from the latter sewage water, with the 
addition of garden soil. The gain in weight in grams of spearmint plants 
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grown during 77 days in these solutions was as iollnus: rain water 17' j, 
Thames water 26, sewage water sewage water phis soil All of 
the cultures had an ahumlanee of water, yet they showed marked dif- 
fercnccs in growth. Coasetiuently he stated that Van llehnont’s eonelu- 
sion that the increase in plant suhslanec came from water wav. erroneous. 
He concluded that it was the [leculiar terrestrial matter contained in 



“Anti nulurt? Hfcmn to m;ik<* use of the likt* .irtiliccH h» vpgolnlilr*.. wlutc up loul that .lit i i fn < Iv iltiuii 
in; not only with the itrincipal funtl of nonrluhturnt at tin- root, Iml ,il at ihfo’ |i.ui . .»! ihr lanlv 

of the vegetiihle above grountl: whieft air was •scon to a-icend in an cla ditli date too d In riv .in<l v t .ili|\ 
throuKh the larger tnulnw of the vine; and is thenee tiouhtless t arried with ilie i.iii miu ininulet ve t l- 
where being intimately united with the Mill tlmreons, saline, ami other iiarfit le', it tiinii . (he nntntivr dtndile 
matter, out of which tdl the parts of vegetables do grow." (I* d {H ) 

“We find by the <;hymieal analysis of vegetables, that their snlmlanee is mtnipo.ed ot •.ullnr, vol.iiile 

suit, water, and earth; whieli print Iples are all enductl with imituallv allr.ttding pouei i. and ,il a latge 

portion of air, which has a wtaitlerlul prt>perty t»f strongly attratding in a ItM ‘d-tte, 01 <.1 trjn ning in an 
cdastick state with a ptwer which is superior tt> vast ctuniwessing forn s; ami it i i by the inlimte t utnbina 
tions, actitm and rcactitm of these principles, that all the operations in animal anti vegetable bodit •» are 
effected.” (I*p. Aio 

.Sialkal Exsays. Vol. 1. Vegetable Staticks. Londtai, r/A* aa. 

the water which producerl growth, and that growth was iiroportional to 
the amounts of this terrestrial matter which the water contained. Had 
he used the quantitative teehnhiue of Van Ifelmont in weighing the 
dry matter in the water as well as the plant, he might have drawn still 
more liafiling conclusions. Hut among other things, Woodward made 
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the important observation of the water requirement for plant growth, 
and found that transpiration accounts for the loss of water from the 
plant. Malpighi (Fig. 6), in 1671, taught that food was taken up in a 
crude form by the roots, conducted by the fibrous elements of the wood, 
and was elaborated into plant substance 
in the leaves. Observation and experi- 
ment had led to a fairly accurate con- 
ception of the functions of plant parts in 
the nutritive processes, but there was still 
wanting information on those elusive sub- 
stances the gases, on the recognition of 
whose nature and chemistry further ad- 
vancement depended. 

Stephen Hales (Fig. 7), in 1731, in his 
Vegetable Staticks, ” stated that air is 
“wrought into the composition” of 
plants. In 1771 Joseph Priestley, in ex- 
perimenting upon the purification of the 
air by plants, stated “that plants instead 
of affecting the air in the same manner 
with animal respiration, reverse the 
effects of breathing, and tend to keep the 
atmosphere pure and wholesome when 
it is become noxious in consequence of 
animals either living, or breathing, or 
dying and putrefying in it.” It was this 
same itlea of purification of the air by 
[jlants which led to the experiments of 
the physician Ingenhousz (Fig. 8), in 1779, 
after the discovery of oxygen by Priest- 
ley. Ingenhousz discovered that light 
and green leaf pigments were necessary for the production of oxygen by 
})lants. Priestley previously had demonstrated the production of oxygen 
by i)lants, but he had not deserved the connection of light with the proc- 
ess. The final checking of the source of carbon for the plant we owe to 
Senebier who in 1782 showed that the increased weight of the plant in 
Van Helmont^s experiment came from fixed air, carbon dioxide. From 
the work of Ingenhousz and Senebier it became apparent that plants 
under illumination produce oxygen, while in darkness they produce 
carbon dioxide. This is the first recognition of the essential differences 
between photosynthesis and respiration. 

During this period Lavoisier had laid the foundations of modern 



Fig. 8. — ^Jan Ingenhousz, 1730-1799. 
(After Acta Horti Ber^iani.) 


“ . . . plants changing in the dark more 
respirable air into carbonic acid than they 
can digest, they throw out a large quantity 
of it, and thus render the air in contact 
with them less respirable, and that in the 
day they absorb with the atmospheric air 
so much matter of heat and light, or ca- 
loric furnished by the sun, that they 
cannot all digest it and therefore throw it 
out as superfluous, combined with the oxy- 
gen, which has thus acquired the nature of 
vital air.” 

An Essay on the Food of Plants and the 
Renovation of Soils. Agric. of the Counfies 
of Britain, Hel)rides, Central Highlands; 
Reports, etc. Vol. 14:1-20, 1794-1795. 
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chemistry and ha<l shown the trut‘ nature of water, iMrlnm <iio\i{ie, 
nitric acid, and otlier substances containinjjj th(‘ elements found in the 
atmospliere. We owe to La\a)isier tin* principle of the consiTV'ution of 
mass, tliat matter can neither be createcl nor destroyi‘d. He hat! sliown 
that animal resin'ration involved the jjrodiiction of carlKui dioxide and 
water, and he had shown that respiration was esstmtially a cornliustion 
process, com|)anible to the combustion of organic substaiua^s in vHro, 
Nicolas T. de Sa, unsure, by his excellent ( juantitat ive determinations of the 
gas exchanges l)y plants, in nSo.i |)roved that not only was iliere fixation 
of carbon in the plant, but that hydrogen and oxygen, the tdemenls 
derived from water, were fixed also. He also sliowed that besides water 
from the soil and carbon dioxide from the air, plants require variims salts 
for their nutrition. 

Boussingault, beginning in nSpp ap|)lu*d tlie (luantitative dimnical 
methods of De Saussure to rotations of fitdd crops and kept an accurate 
check on the elements re<inired for the growth of various imps. Dur- 
ing this period also, Carl S|)reng<d conducted analyses u|)on tiu* ash ( on- 
stituents of plants, to find which eltunenis were essential to plant 
growth, d'he publication by Justus von Liebig ( h'ig. o), in of 

his Chemistry in its A pplicalion to Ay/ieidture and Physi(dai\v marks 

tlu' beginning of a, lunv era 
ill the history of plant nu- 
trition, not biM unse Lii'big; him- 
self ('onlribute<l nun h to the 
subj(‘cl, but on ai'count of his 
foneliil and authoritativt* man- 
lu'r of i)n‘sentalion. In plait* 

of lh(‘ humus theory of nulri- 

lion w<‘ find ibal <iefmilc i hem- 
ic al const it uenls an* spolnm of 
by .Li(‘big. 'I'lic'sc* he* < om- 

poundisl info a pa(enie<l c bc'in- 
ieal lc*rt ili/.t‘r. 'flic* main eon- 

Iribution by Liebig to the* ideas 
of plant nutrilion ums in his 
formulation of the* Law of tin* 
Minimum. I fis stal<‘mt*nt of the 
La,w of the Minimum is as fol- 

f’K'- ‘C Justus, Freiherr von Udiig, r.S«,i lowS: 

_ “The crops on a field diminish or increase in esaci proportion to the diininu- 
tioii^or iiu lease (if the iniius'al sufistanc'i* c'oiivc*y(*d to it in manure*. 

By the deheieiiey or absenee ol one nt'ci'.ssary c*onstituent, all the otliers 
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being present, the soil is rendered barren for all those crops to the life of which 
that one constituent is indispensable.” 

F. F. Blackman, in his expression of optimum and limiting conditions 
as affecting photosynthesis, extended this statement of the Law of the 
Minimum to cover all of the factors concerned in plant nutrition. 

III. Mineral Nutrients in Seeds 

The germinating seed uses the supply of mineral nutrients in the 
cotyledons or endosperm. Seedlings generally will produce a sufficient 
leaf area and root surface to establish the young plant without any 
mineral nutrients being supplied from the medium. 

Usually the supply of carbohydrates is exhausted first when seedlings 
are grown in darkness in water culture. If the plants are grown in suffi- 
cient light, the nitrogen may be the first factor to limit growth. The 
deficiency of magnesium or potassium usually appears before deficiencies 
of iron, sulphur, or phosphorus. 

IV. Absorption a^id Use of Soil Substances 

After the exhaustion of the mineral nutrients of the seed, young plants 
are dependent upon the supply of mineral nutrients in their immediate 
environment. In the seedling stage the supply of nutrients in a particu- 
lar small area will determine whether or not the plant can establish itself. 
Anyone can observe the growth of particular zones of vegetation over 
the different strata of sedimentary rocks. The composition of the stra- 
tum determines the survival of the species upon it. Of especial importance 
in this regard is the acidity of the soil, for some plants, such as alfalfa, 
Medicago saliva , require a neutral or slightly alkaline medium for their 
growth, while others, as rye, Ilordcuni vidgare, or sorrel, Rmnex acetosclla, 
may tolerate a consi(leral)le acidity. The acid-loving plants may l)e re- 
ferred to as calri pliobes: those which require a soil containing lime, 
calcipliiles. How the acidity of the soil may affect plant distriljution is 
shown in the following tal)le (Table 4, page 50.). 

In soil acidity there must l)e considered both the actual concentration 
of hydrogen ions (j)Il) and also the tilral:)le acidity. The buffer action 
of soils varies greatly, so that different quantities of lime or other l)ases 
may l)c required to l)ring two soils to neutrality although they possessed 
at start exactly the same pIT. The hydrogen-ion concentration deter- 
mines the solubility and ionization of many important soil substances 
and the growth of plants (Fig. 10). Owing to differences in the composi- 
tion of various soils, identical total acidity in two soils may produce 
great differences in the solubility of toxic substances in these soils and 
conseciuently cause differences in plant growth. 
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If little leaching has oeeurred, soils which eontaiii m good iiiixtiirc of 
all kinds of rocks, such as glacial stdls, will poss<‘ss a iKilaiunl su|)ply of 



Fig. 10. Rdalioii hctwcrn hy«ln>j!!rn i<m i'oiU(‘iUr;ilii>rj (pH v.ihjO and »*rtnv(li u{ (top, 
in water rulhircH. (Salter and M< llvainc.) 

minerals. In old soils, especially where tlie original rot k was ratluT 
deficient in certain elements, these elements are lialile to l.ert.nu- de- 
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ficienfc. Because much of the rock is serpentine, the whole Piedmont 
region of the eastern seaboard of the United States is liable to show a 
calcium deficiency. There may be present in this soil also considerable 
free sulphur which, on oxidation, increases soil acidity. Because of the 
weathering of the rocks and the accumulation of nitrogenous compounds 
by the action of soil organisms, soils will, in general, be formed, provided 
the rainfall is neither deficient nor excessive for plant growth. Where 
the rainfall is excessive, many of the necessary constituents for plant 
growth will be leached out. Where the rainfall is deficient, the evapora- 
tion from the soil surface tends to accumulate soluble salts in the surface 
in excess, and these may be poisonous to plants. 

When an analysis of the earth’s crust is made, from as representative 
samples as we can hope to obtain, the following composition is shown 
(Table s). 

Table 5 


AVERAGE COMPOSITION OP KNOWN TERRESTRIAL MATTER 



Lithosphere^ 

03 per cent 

Hydrosphere, 

7 per cent 

Average 

including 

atmosphen 

Oxygen 

47-33 

85-79 

50.02 

Silicon 

27.74 


25.80 

Aluminium 

7-85 


7-30 

Iron 

4.50 


4.18 

Calcium 

3-47 

.05 

3.22 

Magnesium 

2. 24 

.14 

2.08 

Sodium 

2.46 

1. 14 

2.36 

Potassium 

2.46 

.04 

2.28 

1 lydrogen 

. .22 

10.67 

•95 

Titanium 

.46 


•43 

(aLrl)on 

.K) 

.002 

.18 

Chlorine 

.06 

2.07 

,20 

Bromine 


.008 


Phosphorus 

.12 


.11 

Suli)hur 

.12 

.09 

.11 

Barium 

.08 


.08 

Manganese 

.08 


.08 

Strontium 

.02 


.02 

N itrogen 



•03 

Pluorine 

.10 


.10 

All other elements 

-50 


•47 


100.00 100.00 100.00 
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Of Ihcjse elements i\ II, O, N, P, S, C'a, K, i’V usually liavt* 
considered as essential for plant growth. \’et if the ri*quin*iiu*ntH of the 
whole plant ldng(i{)m are eonsidtnvd, many t>ther eltitieiUs must l)e 
present, it should he noticed that the s(‘comi, thinl, and ftairili elements 
in order of al)undance are littk‘ used by [)kints, 

V. (u'lKral C 'iirbon Mdalmlism 

Carlxm, which forms (lie basis for all being humis, reprr‘sents only a 
fraction of a ptu* cent of the earth’s ctanposition, ami of tins a major 
portion is lioimd in sedimentary rocks as carbonates. Hie carluai sufiply 
for organic synthesis is comparatively limited, and umlcr natural con- 
ditions there must be a cvmtinual l irculat itin id l arboii as i arbiiu di- 
oxide into the iilants, tlien to animals, or to liat feria and bat k again to 
carbon dioxidt', whiidi is tin* necessary form for phott>synt licsis t)y tlu* 
green plant. From the action of sulphur and inm batitiia, there may 
have lieen a considerable accumulation of tdalitu’attnl t arlum and nitro- 
gen comjiounds liefore the ativtuit of chloropliyl luxiring plants. 1’his 
is especially indicatc'd by tlu* tmonnt>us aet umulal ions of bog iron ore 
and of sul}>hur dejiosits. But in comparistvn with the green plants, this 
means of carbon assimilation is relatively unimportant. It has been 
suggested that the great luxuriance <>f v(‘ge1alion during tin* (Mrbonif 
erous eras was du(‘ to grtxiter conctMU rations of tarbon dit»\ide in the 
atnio.spheri‘, ai'companied by a higlun* temperature at the iMi th’s surfat c. 
'Fhe raising or lowering of the (‘art Ids surfa<<‘ temperature should (>rn 
(luce a, gr(‘at(‘r chang(‘ in tlu* supply of carlum <iiu\ide than of other 
elements imjiortant in j)lant nutrition. Higher tiunperat ures on the 
earth should incr(‘ase tli(‘ carbon dioxich* in the atmosphere b\' d<M reasing 
its solubility in water and by favoring the d(*coinposit ion of t arbonates. 
The coiK'eiitrat ion of cjirbon dioxide in tlu* atmosphere i, inwei xtav 
high, being only about three parts in io,ooo of air. An iia ivase in tlu' 
temperature of the carbonat(‘ rocks of tht‘ (‘art Ids surfate should in 
crease this concxaitration. 

Most ('arbon ('omiiounds an* ratlu'r (‘asily oxidi/.alilc, so that plant 
and animal ivsidues are (juicklv brought bai k into th(‘ « \ < le of t arbon 
utilization. 11ie waxes and resins from the surfa(es of hsives and sport's 
and the woody i>arts an' the mtrst lasting of tht' plant irmains. It is 
these parts whieh are frt‘((U(‘nlly ioiintl in coal th'jrosits. 

Of all the eh'inents R‘(|uir(‘d ft)r {ilarit gniwth, carhtm is tlu' most 
likely to lie the limiting factor. Hiis is tru(‘, firstly, iHaaust' its con- 
centration in the a.tmt).s|)her{‘ is so hiw that it is frtajiumtly a limiting 
factor in photosynthesis, and, scrondly, betause tlu' pn'st'iuc td’ the 
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carbon-containing plant residues in the soil helps through the activity of 
soil micro-organisms to build up the supply of fixed nitrogen. The direct 
absorption of carbon compounds from the soil by green plants is of very 
minor importance in the carbon cycle. Carbon is available to auto- 
tropic land plants, principally as atmospheric carbon dioxide, and to 
submerged plants as carbonic acid and bicarbonates dissolved in the 
water. 


VI. Hydrogen and Oxygen in General Metabolism 

Although carbon is certainly the characteristic element of the organic 
world, still its abundance in living organisms is by no means as great as 
the elements of water: hydrogen and oxygen. The greater part of these 
elements found in living organisms occurs, however, simply as water. 
Water is required for the functioning of all active cells. The growing 
plant consists usually of more than half water, and this proportion may 
increase until the dry matter of the cell represents less than 1% of its 
green weight. Resting seeds and spores usually contain 10% or more of 
water, but germination depends upon the absorption of water. Water 
is a limiting factor of major importance for the growth of crops in many 
regions of fhe earth. 

In addition to being a constituent of water, oxygen is required for the 
release of energy in the catabolic phases of metabolism. Without oxygen, 
life is impossible. It is the combination of carbon, hydrogen, nitrogen, 
sulphur, iron, etc., with oxygen which leads to the liberation of energy for 
organisms. For the normal respiration of fruits, the oxygen concentration 
in the air cannot be lowered beyond about one-third (8% of total) of the 
normal concentration present in the atmosphere (21% of total). Below a 
concentration of about 8% at ordinary temperatures, the supply of oxy- 
gen must Ije taken partly from oxygen containing compounds of the cell. 
This type of oxidation is known as intramolecular or anaerobic respiration. 
The anaerobic respiration of higher plants leads to the accumulation of 
abnormal oxidation products, and if continued for long will result in death 
of the tissue. The higher [)lants demand a high concentration of oxygen; 
they are obligate aerobes. The roots of plants may not receive a sufficient 
supi)ly of oxygen for growth when the surface layer of the soil is not suffi- 
ciently permeable to oxygen. It is to be expected that a supply of oxygen 
may be made available to roots and stems from transport of the oxygen 
produced during photosynthesis. Many water plants have elaborate 
systems of air-chambers which apparently function as passages and 
reservoirs for oxygen. Owing to the numerous soil organisms, the oxygen 
of fertile soils is usually so low that some seeds will not germinate when 
they lie more than eight inches below the surface. 
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Certain fungi and barleria have l!u‘ ability \n live either tindrr aerulik: 
or under anaerobic conditions, 'rhey may be said tu 1h‘ fat uitalivi^ aert»lK‘s 
or facultative anaerol)es. Sonunimt^s the niyceliuni tiiay grtnv under 
analh’obic conditions but will not form fruiting btHlies until free tixygtm 
is availa])le. (orlain bacteria and fungi re(|uire the absent e tjf unconi- 
bined oxygen for their growth. I'hese forms are saitl \o In* obligati* ana- 
eroI)es. 

Other than in compounds formed from llu‘ hytlrogeti whit h is eon- 
tained in water, hydrogen ist)f very mint>r imptuiaiit t* in plant nufrititm. 
There are certain clu‘mosynth(‘tit‘ Inicttaa'a, sui !i as // 
which can use the oxidation of elemental fiytlrtjgen as a stnirt t* ttf energy. 
Elemental hydrogen is produet^ti only utidta* anaia'tiliie i tuulifitjns, gtat- 
erally in masses of organic matter isolatt'd frtun the atnutspluae. it is a 
product of butyric fermentatit)n, anti may be fount! in putrefying masses 
from which the oxygen .supply is cut t)tT, such as in t aimtsl hnids or iti 
bogs, (hiseous hydrogen is, however, st) light that it is tontaintsl in tlie 
lower part of the atmos{)here only in slight anu)imts. 

Vn. (Jriural Xilrotirn Mvlabolisni 

Of nitrogen, by far the greater part exists in llie gaseous statt*. \ilrt>- 
gen makes up 70% t)f the atmosphere, l>ut gast*ous nitrogm is not a\ ;dl- 
able to higher jtlants directly. 'The ability tt» ti\ almo^.phe^i( nitrogen is 
found only in a relatively small numbt*!* i)f tin* lower ordets of plants. 
Of the organisms which carry on nitnrgtm (ixatioii, the barttaia are of 
most imj)(>rtance, although ('ertain fungi and bine green alga* an* abh* to 
use the nitrogen of the atmosphere* for the* forma ti«»n of their pioioplasm. 
Only relatively smidl supplies of lix(*d itilrog(*n orcur in I la* soil othei than 
that which is found in the protoplasm of li\ing organisms. A fertile soil 
contains such a host of Iracteria, fungi, aimrba', llagellales, and oiIkt 
organisms, that most of th(^ nitrog(‘n eom|)oiutds of dead plants or 
animals have little ('haiu'c to ax'cumulate* as nitrates or ammonia. 

Nitrates usually r(‘present about .ooot^ of garden soils, iw pastun* 
soils the range is from .oao.!Co to .oo.itf, while in wotHilaiid soils the 
content is still less. Ammonia. r(‘i)res(‘nts about .chhjP ^ of arable soils. 
This may he increased teniold by apj)licati<uis of manure, l ln* orgatnc 
nitrogen compounds of the soil, chietly the* proteins of living organisms, 
represent al)out 0.15% in arable soils, o.gVe pasture*, ainl mm h greater 
percentages in l)Og and chalky soils. 

Nitrates are the best supply of nitrogen for most plaitts, and in tilh*d 
soils it may be practically the only form of any consideraTh* importatu c. 
Nitrates are all soluble, and we are concerned w’ith tin* t*tTects of the* ni- 
trate ion uiK)n the t)lant. Nitrites might exist in soils, but only nndt‘r very 
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abnormal conditions. They are found in sewage waters, but in oxidizing 
conditions suitable for the growth of higher plants they are absent. Ni- 
trites may be absorbed and assimilated if the concentration is kept very 
low, but owing to the ease of their oxidation there may be a question as to 
their existence in the plant as nitrite. 

High nitrate content of the soil leads to a rapid vegetative growth 
of thin-walled cells. The leaves are broad, dark green, and succulent. 
The plants are taller than normal, and the supporting tissues of the 
stem are reduced in proportion to the normal. The plants are especially 
non-resistant to fungus attack, possibly on account of the thin cell walls. 
Nitrate retards the production of reproductive parts, and leads to slow 
ripening. The yield of tubers, etc., is decreased, probably because the 
carbohydrate is so extensively used for cellulose synthesis. Nitrates 
favor an extensive root development. But although the mineral and 
carbon assimilating powers of the plant are increased, the yield of seed, 
tubers, or roots may be much decreased. If a sufficiently long season is 
given, increased yields of some crops will be produced. The first frost, 
however, usually cuts off the succulent plants grown in soils with high 
nitrate content. 

The flowers and young fruits of tomato may be cut off by an abscis- 
sion layer when nitrate is in excess. In general, the yield of leafy crops 
is increased by high nitrate applications. 

VIII. CarbonI Nitrogen Ratio 

It is evidently necessary to have a proper balance between the nitro- 
gen su])[)ly and the carbon assimilation of plants to get normal develop- 
ment. If nitrate is in excess, the plants tend to be vegetative. A large 
part of the carl)ohy(lratc goes to form cellulose and protein constituents, 
if nitrate is lacking or deficient, there is accumulation of large amounts 
of starch. Either condition leads to unfruitfulncss. A proper Ijalance 
between nitrogen and carbon in the plant, or a proper C/N ratio, leads to 
normal development and a setting of fruits. 

We shall have occasion to refer at greater length to nitrogen metab- 
olism as well as to the special metabolism of carbon. 

IX. Absorption of Ash Constituents 

With regard to the chemical elements which are found in the ash of 
plants, we find a relatively small number in abundance, but traces of a 
great many chemical elements are found in plants. It is difficult to say 
which elements are essential for growth, for in many of the experiments 
made in the past the exclusion of traces of the elements has not been 
carefully carried out. Of the heavy metals, not more than spectroscopic 
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traces are tolerated by most plants. Still, sonu* barti'ria < ati ipow in solu- 
tions of silver salts. In general, ten cheinical elenuiils have Ihhui con- 
sidered essential for plant growth, d'hese are (', II, C), N, l\ S, K, ('a, 
Mg, Fe. But for certain |)lants at least, and |)ossil)ly for all plants, a 
consideral)le stimulation of growth and other metalKdic pnwesses (jccurs 
if there are present, in addition to these ten, traces of II, Mn, Al, Si, (hi, 
As, Zn, I, CL In fact, a numlier of elements whitdi are [Hiisomms at 
relatively low concentrations, for exam|>le, cofiper, arsmiic, <}r zinc, 
stimulate growth when they are present in a few parts |>er billion. 

The total ash content of plants represimts about 5^1-' of the dry sub- 
stance, but there is wide latitude in the ash content. Sonu* plains, us 
spinach, pumpkin, etc., take up large amounts of salts from (lie soil 
when such are available, d'hey are gross fteders. But ot!u‘r plants gnnvn 
in the same soil may absorb much smaller amounts. Blants vary in 
their ability to absorl) salts from the .soil. In most ferlih* soils the salt 
content is relatively low. The soil .solution lias niucli tiu* same ctmiposi- 
lion as the river waters at times when there is little surfac<‘ wash from 
rains. It may be expected that water which {lercolales through t!it‘ soil 
will approximate the concentration of substanc<*s in the .soil watm-. If 
the total concentration of the soil water corn*sponds to only .crxiiN 
KCl, the plant still can absorl) most of the salts from this dilute solution. 
Maize can reduce the conductivity of siudi wati*r by absorbing salts until 
the total concenlralion represents about .ocx)oiN K('l. .Vboiit half of 
this residual concentration of ion-forming substanci's can be rcmo\'{‘d 
by l)oiling, and probably is carbonu' acid. So that maize grown in a 
limited amount of solution makes an erfecliv<‘ dean up of i 1 h‘ ioni/c<i 
salts in the soil solution. Seedlings can maintain lids i'xtiHam'ly low 
concentration for a few weeks, but upon (Falli, ions arc giv<‘n up to tin* 
solution again. Probal)ly the vacuolar concent rat ion of total ions is mui h 
above the ionic concentration in th(‘ (‘x((‘rnal mtslium. 'The abiliiv to 
hold the ions is lost by the protoplast aft(‘r death. I)itlcr<‘nt sp<*( irs 
of plants can absorb ions to different hwids of concentration. 'I'lu' spuash 
cannot absorl) soil sails to as low comaml rat ions as mai/.c. It may be 
expected that plants will show diffcrimctxs in tluhr ability live* in and 
absorb from soils which are defudenl in nutritmts. 


X. Soil Sohilion 

The salts present in thc.soil come from tlu* solution of the const it lumls 
of the soil under the action of wt^athia'ing and of soil (organisms. An i<l(‘a 
of the composition of the soil .solution (‘an be gaiiud from tlu' folLmnug^ 
table (Tallied). 



ABSORPTION AND SYNTHESIS 


57 


Table 6 


Nature of soil Moisture in soil per million of soil solution 

K POi Ca N 


Fine sand 

29.74 

24.1 

5.2 

30.6 

3-1 

Loam 

37 - 8 o 

71. I 

12.2 

68,2 

3-2 

Clay 

24.50 

44.8 

4.6 

42.9 

6.1 

Peat 

132.90 

50.1 

2 -S 

183.8 

17. 1 
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The solubility of the constituents of granites and gneisses is increased 
by additions of sulphur to the soil, which on oxidation produces sulphate 
ion. The solubility of limestones, dolomites, and other carbonate rocks 
is much increased by carbon dioxide excreted during the respiration 
of roots, and carbon dioxide also is 
produced by bacteria and fungi living 
either on roots in symbiosis as mycor- 
rhiz£E, or free in the soil Probably 
other organic acids may be produced 
from mycorrhizae by partial oxidation 
of cell-wall materials and thus aid in 
the solution of substances from the 
soil. Other bases may be dissolved in 
this manner also, for it may be expected 
that their solubility will be increased 
with an increase of the actual acidity 
(pH) of the soil solution, however small 
it may be. 

That the soil acidity does affect the 
solubility of soil constituents is demon- 
strated l)y the solution and absorption 
of aluminium and iron in the acid spots 
of fields where the soil contains much 
clay. The absorption of excessive 

amounts of iron and aluminium and the toxic action of these substances 
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Fig. II. — Precipitation of aluminium, ferric 
and ferrous iron, manganese and magnesium as 
hydro.xidcs and calcium liicarbonate as calcium 
carbonate. (After Carr.) 


in the plants can be decreased by lowering the soil acidity by additions 
of limestone or l)y the addition of substances, such as phosphates, which 
form insoluble compounds with Fe or AL Aluminium will be present in 
soil water in about the following proportions at various acidities: 


pll 4.87 5£4 5:3^; 5:50 ^ 

d/.-Oa... 1.2 2.0 0.7 0.3 0.7 31.0 
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Iron is little soluble betweeit aeMities tjf pll aiui uill nut 

produce toxic effects on plunts il tlu* soil rcai titui lioi betwirn ilu'se 
limits (Fig. i i). 

XL Ahimdancv of Soil i 'onsiifiitoiis 

Considering that all of the nutrituits in tlie stul art‘ a\ailabk* to |iIantH, 
which, of course, is impossible, Hopkins has laliidafed tin* limiting 
time (luring which maixe could be retnove*! as a t'ro|i witlauit rrpkmish- 
ing the supply. In the average plow-sole (k^plli, n'foi iiH'!it*s, over an area 
of one acre, or coriTsponding to 2,000,000 pounds of soil, tlie essential 
nutrients are i)rescnt as follows (d able 7). 


'r.vurr: 

M V. Iks. 


Pho.sphorus 2 ,. jog 

PotasHiuin 4(),20o 

Magnesium |8,ooo 

Caleiurn 6H,Soo 

Iron .SH.Xoo 

Suli)hur ?,2oo 


JM. per !>ii» hii. Vrtirs 

moizt' Mi p ply 

ISO 

10 .!,()CX 3 

7 7 .cxx) 

i-'S 

o, 


Of these elements thos(‘ in k‘ast abundaiu c in ndation to the require* 
ments of the maize an^ |)hosphorus an<l potassium. In most soils thest' 
are the elements which arc most likely to he delieimt tor all ( imps. Sul. 
phur is no more ahundant than phosplmnis, but the demamis tor pro- 
clucing the cro|) are less. P’urlhmanort', lh<‘re aie g:ea'ous rompouiHls of 
sulphur whi('h lead to a thorough distribution of this ('Irmmi, so that 
suli)hur (lefieieney is .stddom found. Hie hydrog<‘n sulphidi* proilnreil 
by the dcjcomposition of v(‘get;d)k‘ and animal remains mulur aiiamohic 
conditions j)articularly t(‘nds to dislrihuti* the sulphur, I.argo puanti 
ties of sul[)hur dioxide ar(‘ produced from tlu* burniii}^ of tua! and from 
the heating of iron pyrites. N’ot all of tin* hem'fu lal (*th ( is uf flu* applii a- 
tion of sulphur to soils ('onus from tlu* satisfai lion t.f a sulphur deli- 
dency. Fart of the increased yi<‘kl of the crop may ht* diu' to tin' solution 
of other soil comstitiients, such as the solution of potassium from ortho- 
clase. 

XI L Adsorption by the Soil and Leaehinp^ 

The loss of certain ions through k^udnag from tin* soil in rain aval tT 
is reduced by the power of ('ertain soil ('onstitmmts to hold ions liy ad- 
sorption, Potassium ion, phosphate ion, and ammonium ion an* nda- 
tively strongly adsorbed by most .soils. Sands have low ad.sorptivc 
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power, clays adsorb K~*'and P04“ strongly. Colloidal double silicates of 
calcium and aluminium are probably responsible for the adsorption. Since 
the salts of potassium and ammonium are highly soluble in water, ad- 
sorption of these ions is of great importance in maintaining them in soils. 
Probably the cations K and NH4 may replace Ca from clays in addition 
to their being strongly adsorbed on the surface of colloidal soil particles. 
Phosphates in neutral solution form relatively insoluble compounds 
with calcium and also with aluminium. 

Soils in general have little power of holding by adsorption Ca+"^, 
NO;r, Cl“, COa™, and S04~. These are rather easily leached by 

rain-water. The rain-water is usually charged with CO2, and this leads 
to the solution of the normal carbonates of calcium and magnesium by 
the formation of bicarbonates, which are much more soluble. These ions 
which are not held by soils make up the salt content of the efifiux from 
the soil. 

There is usually present but little potassium or phosphate in the soil 
eOlux. The soil water from various types of soils contains usually from 
six to ten i)arts per million of phosphorus and about twenty-five parts 
per million of potassium. Long continued washing of clay soil with dis- 
tilled water i)roduces little change in this concentration. 

The i)rcsence of sodium and magnesium salts increases the concen- 
tration of potassium in the soil efllux, probably by replacing it in ad- 
sorbing surfaces and also by substituting it in the double silicates of the 
clay. 

XTTT. Differential Absorption 

Tf we analyze the ash of different genera or species of plants which 
grow in the same habitat, we find that the constituent elements are 
present in (liffenaU proportions for each species. The elements absorbed 
are not i)resent in tlie ratios in which they exist in the medium, even if 
water culture is used to ensure the same ionic concentration for each 
plant. Iwidently there is selective absori)tion of the salts existing in 
solution. If we use in water culture a single pair of ions such as am- 
monium and sulphate, it l)ecomcs a])parcnt that the two ions enter at 
different rates. When ammonium sulphate is applied as fertilizer to the 
soil, ammonium enters the plant to a greater extent than the sulphate 
ion. After a few years the soil becomes distinctly acid from the accumula- 
tion of the unabsorbed sulphate ion. Such production of soil acidity is 
due to the .selective ion absorption as distinct from the differential ad- 
sor[)tion of ions by soil colloids, and this physiological cause is just as 
im|)()rtant a. factor as the other causes of soil acidity which have been 
much discussed recently by soil chemists. With applications of potassium 
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nitrate in neutral solution, the nitrate ion is almorhtul nuire rajuilly tlKiii 
the potassium ion, an<l the solution becomes sligluly alkaline. 

The roots of Cururbiia pepo in water culture sliowed the following 
aI)Sori)tion of various ions (Table 8). 

'rAHi.K 8 


Salt 

( 'ont . ^m. nioios. 

Duration in 

Aitsorpiion in miiliyrams 

fur L 

days 

i 'aiion 

. 1 Hion 

KC] 

o.oa 

(i 


.|O.0K 

CixCU 

. 0.0„» 

14 

0,00 

.^e.iO 

KaSfh 

0.01.S8 

6 

n.o 

18.07 

C’aSO. 

0.0 1 05 

10 

o.ck:) 

1.08 

Kllal’O.. , . 

Q.OJt 

10 

1 . 1 c; 

.} 0 . 0 .| 

(:aa(l>()4)a. . 

o.oa 2 

1 2 

J . 1 0 

78. OS 


This table shows (‘specially lovv absorption of calcium and of su}j>ha.te 
ions. For certain ions, Nir4bS^ it has btam shown that tlu* acidity of 
the external nualium is of great importaiu'c for tlie alKSorpliim. 


XIV^ Domnin lujuilibrium 

Assuming that mineral nutrients enter the plant in tlu* ionit' t omlition, 
an ex|)lanation of the dilTerential absor{)tion of ions by j)lanls may be 
found in the conditions formulated by Donnan for tlu‘ (‘stablislunent of 
eciuilibrium across Siunipermeable membranes. 'rh(‘ (t*lls of tin* plant 
contain ions whuii may not pass through tlu* c<‘ll membraiac Prol»ably 
the protein ions are of major importance in this regard. When a send 
permeable membrane separat{‘s two j)has(‘s of a system in oiu* of whit h 
there is an ion which cannot difTiise through the numibrant*, an e( joilibriurn 
will be establishcMl when the prodiuis of tin* < onctMitratitins of eat h pair 
of oppositely charged dilTu.sible ions on (‘arh sitle are epiial. If tlu* ( dii' 
centration of a non-dilTusible anion is taktuj as K , and lh(‘ t om cat rat ions 
of dilTusible cations on each side of tlu‘ membrane are taktm as ( and ( 
and of the dilTusible anions as Aj and A*i, tlun (Mjuilibrium will be t's* 
tablished when ChAi ^^^C'oAu. Since on tlu‘ sidt‘ of the m)n dirfusiblt‘ 
anion the concentration of cation is th(‘ sum of that luTl by tin* non- 
diffusil)le anion plus that ludd by the diffusible anion, whih‘ t)n tlie t)ther 
side the concentration of the diffusible ('atit)ns is only tliat held by the 
dilTusible anion, the e(|uilil)rium condition t'an be fuliilha! only if i'l -('2 
and Ai<A 2. Diffusilde ions will j)ass through tlie nuanbraiu* to (‘stablish 
this condition. There is an inecjuality of the concent rat ion of tlu' diffusible 
cations and anions on the two sides of the nieml)rane. Under t lu* I )onnan 
equilibrium conditions there is a dilTerence of potential std u|> across the 
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membrane owing to the differences in ionic concentrations as illustrated 
in the diagram. 


Ci+ 


R- 


Ar 


C2+ 


Aa” 


membrane 
I 2 


I is +tO 2 ” 


CiXAi=C2XA2 


The fluctuations of acidity of the protoplast should change the equilib- 
rium point because it should change the concentration of protein ions 
in the cell. 

At the equilibrium concentration shown by maize in water culture, 
it would appear that practically all of the cations and anions in the ex- 
ternal solution pass through the plant cell membrane. The diffusible 
anion passing out from the roots to establish the equilibrium concen- 
tration is CO'^=. This would indicate that possibly the proteins of maize 
are present in the cell mainly as the anion, enabling them to hold the 
cations in equilil)rium against the external solution. The anions in the 
external solution evidently are replaceable by €0^^=. Upon the death 
of the i)rotoplast either the semipermeability is lost, or the concentration 
of the non-diffusible ions falls off, with resultant leach of ions from the 
tissue. 

It is evident from the conditions produced by the absorption of seed- 
lings in water culture, that the plant will absorb practically all of the ions 
present in the solution, independent of the nature of cation and of anion, 
provided the quantities offered are not in excess of the ability of the plant 
to absorl) and utilize them. The conditions in the soil generally are such 
that the cquilil)rium point is never reached. The plant must have a supply 
of certain ions or it will 1)C unable to maintain itself and will die after a few 
weeks. But different plants use greatly different quantities of each ion in 
the elaboration of the com|)ounds j)cculiar to them. Some elaborate more 
organic suli)hur comjoounds than others, some more chlorophyl, demand- 
ing magnesium, and so forth. Owing to change in the internal phases of 
the plant, due to increased size and the formation of new materials, there 
probably also is absori)tion from an excess of nutrients in the soil and 
under conditions in which equilibrium can never be established. 

XV. Selective Absorption of Certain Ions 

In a survey of the characteristic elements of plant ashes it is found 
that i)articular elements are especially abundant in members of certain 
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grcmpsof plants V¥hirh sennet iin(‘s show genetie rclatioMHhip, hor iustaurCj 
the grasses show the alhlity to al^sorb r(‘lative!y large (|iiainitit^i of silieon. 
They may l)e eallee! silicon |)Iants. It setans tliat tliose filants which 
commonly {)r()(luce high concentrations of soluble carboliyclrates also 
show a high absor[)tion of |)otassium. 'They may be referre«i to as potas- 
sium plants. We have seen already that certain plants have rt*latively 
high demands for calcium, 'flu* compositiou of the ash <if tliese <liffVrent 
types may he illustrated by the followiug table ('Table n). 

'Tahlk <) 


Per eejii in ash of 


.Siill\ I’f 

K ^.Vl; 

Siilh I'f 

( ‘a 1 .1/1: 

Siiidi 

add 

Silicon i)hints . . . 

Oat straw | grain 

aa.cx) 

4.TO 

6co8 


Rve straw 

18.65 

16.52 

64. 8() 

Calcium i)lants. . 

Inhaci'o (Havana) 

24.84 


8.50 


Steins and leaves of pea. 

27.82 

f’.v/l 

7.81 

Potassium planl-s 

Sugarcane 

88.80 

1 2.01:) 



Artichokt* 

8). JO 

1 ;CyO 



An indication that an (‘(juilibrinm htgwxam plant atnl soil is never 
reached under natural conditions in the growth of plants is gi\{Mi by the 
change in proportions of ('onstituents ami of total ash « ontimt in tin* same 
organ of the |)lant at dilTerent ages. 'I1u‘ h blowing table gjves the analysis 
of beech leaves at dilTerent times of the y(*ar ('Tabh* lo). 

'rAHI.K lO 

Total ash AmoiDils of various thinonts in ash < oA ulalni as axidis 


Date 

per cent of 



p(T ( (' 

at total ash 



dry wt. 

K/) 

i’aO 

MyJ ) 

PoO.i /’; 0 , 

SiO, 

May 16. . 

4.1 

.\ 2 .l 

1 5.8 

4.8 

0.8 5. ',4 

i .() 

July i 8 . . . 

4.7 

17.1 

4 2..i 

5.6 

1.4 8..* 

21.5 

Oct. 15. , . 

7 .» 

7 -* 

50.6 

4.1 

US 5.1 

50.5 


The increase of calcium and silicon vvitli th(‘ age of tin* l('av(‘s is (}uite 
marked, as is also the decrease in pro])ortions of potassium ami phos- 
phorus in the total ash. If (he same number of lieis !i leavt'S an* takt‘n at 
different periods, it is found that the potassium and phosphorus cout(*ut 
per leaf is the same. In other words, tliere is practically no n‘moval of 
these elements from the assimilating leaf. However, at the end of the 
growing season there is translocation of both K and F back inti) tlu* stem, 
between May r6 and July i8, the total proportion of ash to dry weight 
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did not increase, but in the later analysis the concentration is increased. 
When dead leaves are analyzed, it is found that a considerable part of the 
ash has either been withdrawn into the plant through the petiole or 
leached from the dead cells. 

XVI. Toxicity of Ions 

When plants are grown in water cultures in solutions of single salts, 
toxic symptoms become evident if the concentration exceeds certain 
limits. The toxic limit is exceedingly various. For salts of the heavy 
metals the toxic concentration is represented by a very few parts per 
billion of water. Algse may be killed in ponds and water supplies by the 
introduction of exceedingly low concentrations of copper sulphate. For 
salts of iron, the toxic limit is a few parts per million, depending probably 
upon the actual concentration of the ferrous and ferric ions. For sodium, 
potassium, and magnesium salts the toxic concentration appears at a 
concentration between one thousandth and one ten thousandth normal. 
The salts of calcium do not become toxic until much more concentrated 
solutions are reached. Evidently the effect 
of the anion in combination with calcium is 
of major importance in the toxicity of its 
salts. In the other ionic pairs it is evident 
that the cation concentration is of major 
importance, provided that the choice of 
anion is limited to those usually of impor- 
tance in soils. 

XVII. Antagonism of Ions 

The toxicity of the single cations is 
greatly reduced l)y admixture with other 
cations. The addition of calcium or alu- 
minium to the solution decreases the tox- 
icity of copper. The addition of calcium to 
solutions of potassium, _ sodium, or magne- 
sium decreases the toxicity of these elements. Ostcrhout.) 

This action is known as antagonism of ions. An example of the antago- 
nism between aluminium ion and copper ion is shown by the following 
experiment: the hypocotyls of pumpkin {Cucurbita pepo) had a life dura- 
tion of one hour in .oo5625n CUSO4 solution; on the addition of .025n 
AICI3 the life duration was twenty-two hours. 

On mixing two equally toxic salt solutions in different proportions we 
may find that the toxicity is unaltered. As the proportion of the toxic 
concentration of one ion A in the diagram (Fig. 12) is decreased from 100 



Fig. 12.— Curves showing the growth 
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to o and the equally toxic concentration of another ion B is iiicreased, if 
there is no change in toxicity the effects t)f the two ions are additive. The 
effect of one ion increases in exact proportion as the effect of the other 
decreases. This condition may he represented fjy the gra|)h LM, the 
reciprocal of the toxicity lieing represented on the vertical axis. If, 
however, the toxicity is increased, the conditions may !)e rei>resented l)y 
the graph IJIM, If the toxicity is diminislied, the condition may he 
represented by the curve LKM. d'his show's antagonism of tlie two ions, 
one tending to counteract the toxicity of the other. In making such mix- 
tures it is found that there is a dei'mite i>oint of maximum antagonism 
between the components of the mixture. (Irowth will he laXter in tlie 
optimum mixture than at any other prt)portion between the twt) toxic 
constituents. For the antagonism of ("aCda an<l NaCl the optimum lies at 
the proportion Ca : Na : : 4.76 : 05,24. 

XVIII. Bahnu:ed Solutums 

Antagonism exists in mixtures of several ions. It is fuyssible, tlu'refore, 
to have rather high concentratioas of salts in antagonistic mixtures with- 
out toxicity making its ai)pearance. Particularly is calcium of impor- 
tance in [)reventing the toxicity of high concentrations of Na, K, and Mg. 
If the calcium is depleted from .soils high in these ions, th(‘ toxic* (‘fh'cts 
appear. The soil solution becomes unbalanced in its constituent ions. A 
balanced solution may be established by the addition of ions antagonistic 
to those which arc in exce,ss. In additions of sodium nitrate to soils, it 
is advisable to add also calcium salts to the fcTtilizer to pre\'ent sodium 
toxicity, especially for soils which show lime deticiency. 

Further discussion of the entrance of ions into piants may possibly 
be left to texts of plant l)io{)hysic,s. 

XIX. Absorption of Ori^anic Constit units of Soils 

It has l)cen shown that [)Iant roots are ('ai)al)le of taking up sugars, 
amino acids, and other soluble organic suhstamu^s from soils. Howt^ver, 
the concentrations of such sul)stanc(‘s are very low in tlu' normal .soil, 
and such nutrition is of no great importance for higher plants, though it 
is of primary importance for the growth of soil fungi and bacteria. 
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METABOLISM OF INORGANIC NUTRIENTS 

The special functions of naineral elements has been a phase of general 
interest in plant physiology. Much was accomplished by Sachs and his 
students in finding the evidences of deficiency of certain elements in 
plants. Lawes and Gilbert (Fig. 13) at the Rothamsted, England, Ex- 
periment Station contributed much to the theory of plant nutrition, and 
the conservation of soil fertility. 




Fig. 13. — Sir Joseph Henry Gilbert, Sir John Bennet Lawes, 

1817-1901. 1814-1900. 

“For example, it is probable that fungi generally derive nitrogen from organic nitrogen; and in the case 
of those of fairy rings there can be little doubt that they take up from the soil organic nitrogen which is 
not available to the meadow plants, and that on their decay their nitrogen becomes available to the associ- 
ated herliage. Then in the case of the fungus mantle, observed by Frank on the roots of certain trees, it 
may be sujiposed that the fungus takes up organic nitrogen and so becomes the medium of the supply of 
the soil nitrogen to the plant. More pertinent still is the action of the nitrifying organisms in rendering 
the organic nitrogen of the soil and subsoil available to the higher plants. It may well be supposed, there- 
fore, that there may be other cases in which lower organisms may serve the higher, bringing into a more 
available condition the combined nitrogen already existing, but in a comparatively inert state in soils and 
subsoils. 

“It seems more consistent, both with experimental results and with general views, to suppose that the 
nodule-bacteria fix free nitrogen within the higher plant, and that the nitrogenous compounds produced 
are absorbed and utilized by the plant. In other words, there does not seem to be any evidence that the 
higher chlorophyllous plant itself fixes free nitrogen, or that the fixation takes place within the soil; but it 
is much more probable that the lower organisms fix the free nitrogen. If this should eventually be estab- 
lished, we have to recognize a new power of living organisms — that of assimilating an elementary sub- 
stance.” 

The Sources of the Nitrogen of Our Leguminous Crops. Journal of the Royal Agricultural Society of Eng- 
land, 52:657-702. 1891. 
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From the ehemit'al analyses of a soil, it i!iay s(H‘m to have an alnin- 
dance of all elements. Yet certain elenumts may la* in insoluble fman or 
unavailable to plants. It is best to (kMermine the rnintu'ul (ieticiency of 
soils by aj)plications of the fertilizers directly to the soil. 

I. Potassium 

Potassium occurs in a great many rocks and is a constituent of many 
of the complex silicates wliicli make up a great {)art of the inorganic sub- 
stances of the soil. It is more abvimhmt in igtn^ous rocks gt‘m*ra!ly tlian 
in sedimentary roc'ks, with the exc(‘ption of st'dinumtary rocks which 
contain the reimiins of the Fohaminifkr.a. 'Hie potassium content of the 
silicates of the earth’s crust ranges from 0.27^ to 1 1.04^ o granitc^s and 
gneisses contain from .p.d c t<^ < 1 linustone and nsiduai clays con- 

tain o.2()% to o.Ho%. By the weatiu*ring of igneous rot ks the potassium 
compounds are rendered more soluble. Wlien a t lay stJil lias hatl time 
to form, the potassium will be adsorbed and ht‘l<l Iw it. IhUassium is 
quite generally distributed over the earth’s surfatt* and also in tlu* dif- 
ferent layers of soils. In the third nine inches of imfertili/tNl stul at the 
Rothamsted ex[)erimental plots there was more of this ehmienl than in 
the second nine inches. I'lie return to tlu* soil of vt'gtUablt* remains helps 
to maintain the supply, espeeially of such vt^gtUable nmiains as the stalks 
of sugar-cane which are very high in |)ota.ssium conttmt. Potassium salts 
are contained in considerable abundance in tlu‘ ash of k(‘lps, Ikm ausi^ 
these algie have the ability of eoiu'ent rating potassium l)y absorption 
from sea-water. Potassium salts are n‘( ()V(‘rt‘d from tht‘ thu* gas('s of 
cement works by prec'ipitation. 'riu‘ alkali lakes of the \vt‘sl(*rn part of 
the United States freejuently yield profitabU' quant it its of potassium 
salts. 'Fhere are extensive dt'posits of kaiiiilt*, t riidt' potassium mag- 
nesium chlor-sul{)hale, at Stassfurl in (iermany, and tlust* Ixsls havt; 
been the source of mutii of the world’s suppl\' of potassium. Similar dt*- 
posits also are rather extensiv(‘ in 'ftexas. Potassium is out' of tiu* mon‘ 
im])ortant elements in plant nutrition and is Habit' to bt* a limiting fat tor 
in cro{) yields. It is especially iu;etl(*(l by crops whit h art* grown h)r sugar 
I)roduction. 

Potassium must be in solutitm b(^ft)r(‘ it can be absorlHul. It vnivr^ 
the plant at least from the ionic ctindition, if not as indt*ptn<lt‘nt K* 
ion. 

Within the plant we have no cvitleiU'e tliat ptitassium twists otlier 
than in the ionic condititm or as fairly stiluhle .salts. Ptadiaps the least 
soluble potassium compound in plants is tlu‘ bitarlratts 'FIutc arc no 
organic comiiounds of jxitassium known in plants otlu»r Ilian the salts 
of organic acids. It has licen stated that lU) tiotassium is present in the 



METABOLISM OF INORGANIC NUTRIENTS 


67 


cell nucleus, although its absolute absence therefrom may be difficult to 
prove. 

When potassium is deficient in the soil or culture solution, the leaves 
of grass plants and tomatoes (Fig. 14) show a light green color. Potatoes 
and oranges show a bronzed appearance of the leaves. Evidently there 
is some interference with the photosynthetic process when potassium is 
lacking. There is a decrease in the yield of carbohydrate which shows up 
even before there is a limitation of photosynthesizing surface. The chloro- 
plast does not give any visible cause for the decreased photosynthesis. 
It should be remembered in this connection that potassium is a radio- 
active element and for this reason may function in the transformation 



Fig. 14. — Potassium required by tomato plants. Left, leaf showing effects 
of potassium deficiency. 


of radiant energy. In field plots in which there is potassium deficiency 
there is stunted growth and seeds are sterile. The yield of tubers, bulbs, 
and other starch or sugar storage organs is especially decreased. Legumes 
sulTer from j)otassium shortage almost as much a-s the typical carbohy- 
drate-forming crops. The leaves of alfalfa or clover may show light- 
colored or white spots in the center of each leaflet when potassium is 
deficient. Leaf scorch and defoliation develop in apple trees when the 
potassium supply is deficient. Tobacco leaves show light-colored chlo- 
rotic areas. In extreme potassium starvation, plants may fail to reach 
maturity. 

Potassium is abundant in the apices of the plant and in rapidly grow- 
ing regions in general. It is commonly withdrawn from the older leaves 
and older plant parts and transported to growing regions. There is but 
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little potassium in seeds. Potassium is suppostnl to he lUH'essary for the 
synthesis of proteins of the protoplasm, hut in what manner it funetions 
in this regard has not been exixlained. Potassium amnWriivts tlu* elTeds 
of calcium on cell collouls ami tends to maintain a more lluid eoiulition 
in the protoplasm. It is said to l>e concerned with mitotic division of 
cells; probably it aids in the migration of tlu* chromosonu‘s along the 
spindle fibers by maintaining a tluid eorulition in the protoplasm. Potas- 
sium favors the accumulation of fats, possilily by its elTeet in tlie stimula- 
tion of photosynthesis. I\>tassium increase's griiwlh, and this, romlniuKl 
with better carbohydrate su|)i)ly when it is al)undant for cell wall forma- 
tion, may account for the greater resistance of plants to fungous diseases 
when the potassium supply is almndant. Potassium may be rt'plart'd liy 
sodium only to a minor degree, jvrobalily only in so far as tlu* sodium 
spares the potassium needed in the assimilating surface's liy rt'plac- 
ing it elsewhere. Sodium delays the apfK'arance of potassium star- 
vation. 

11. Sodium 

Sodium can hardly be .said to have a distinct function in |>lant nutri- 
tion, since it is not rc<iuired to any considerable extent. Soluble salts of 
sodium are taken up by halophytes from .saline soils in grexit ijuantitit's. 
The plant sap may be practically a saturaU'd sodium chloridt' solution. 
In this ca.se it serves to iruTca.se the osmotic concentrat ion and to in- 
crease the ability of the jdants to hold watt'r against tlu* evaporating 
power of the air. The addition of salt to the soil iviuh to mak(‘ tlu' water 
requirement less per gram of dry weight laid down by l he plant . 'The effect 
of sodium on cell colloids is essentially the .same as that of {xUassium. 
Most plants cannot tolerate very high ('oncent rat ions of sodium ( hloride 
in the soil. But certain gr()ui)s of halophytes art? adaptt'd to it. 

HI. .1 m man him 

Ammonium ions in the soil are absorlu^d and us<*d by the plant in 
the synthesis of protein. Salts of ammonium are inquHlant as f(*r(ili/.er 
constituents. As a gas in the air ammonia is higldy toxic, much more 
toxic than it should l)e from the alkaline reaction which it product's in 
the cell, (iaseous ammonia stimulates tlie overgrowth of tissiu's into 
hyperplasias if the concentration is very low. 

IV. Phosphorm 

Phosphorus occurs in .sedimentary rocks as a residuary comstituent of 
the shells of mollusks and of the bones of animals. I'here are rather 
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widespread deposits of calcium phosphate derived from the activities of 
marine animals. Phosphorus occurs also as the mineral apatite in exten- 
sive deposits. Both of these minerals are relatively insoluble in water 
but may be made soluble by treatment with sulphuric acid to form the 
monobasic and dibasic phosphates as in the manufacture of superphos- 
phate. Phosphorus becomes available also from the decomposition of the 
constituents of the nuclei of plants and from phosphatides. Granite and 
gneiss contain from 0.04% to 0.21% of phosphorus. Limestones and 
residual clays contain from i.ii% to 1.33%. Phosphorus is most liable 
to be a limiting element in plant nutrition, for although it is rather 
widespread in soils, the quantity is limited, and there is not much move- 
ment of phosphorus from depths of the soil on account of its strong ad- 
sorption by soil colloids. Phosphorus enters into combination with 
aluminium to form insoluble compounds. Part of the beneficial effects 
of applications of phosphates is due to precipitation of aluminium in the 
soil, thus removing its toxic action. Phosphorus remains in the plant 
always in the fully oxidixed form of phosphate, although it is combined 
with organic groups through oxygen linkage. All other forms of phos- 
phorus are poisonous to plants. 

The principal use l)y the plant of phosphorus is in the synthesis of 
nucleoprotcins, and of phosphatides of which it is a constituent. Phos- 
phorus also functions in respiration as a coenzyme of zymase. Probably 
it aids res])irat()ry processes and the interconversion of hexoses through 
its action in the formation of hexose phosphates. It enters the glycero- 
phosphoric acid of phosj)hatides. Phosphorus has some obscurely known 
function in the accumulation of starch and fat. It is especially abundant 
in fatty seeds, j)rol)al)ly as phosphatides, as nucleins, and as magnesium 
phosphate in the peculiar globoid bodies found in fatty seeds. Under 
phos[)horus deficiency, plants give evidences of difficulty in their ability 
to digest starch to sugar, although erythrodextrin and cellulose may be 
produced. In trial jilots of cereals where phosphorus is deficient, there 
is a decreased growth of straw, followed by very poor yield of grain. 
Tillering of cereals is decreased when phosphate is deficient, and also 
there is insufficient root development. Possibly the latter is connected 
with the effect of phosphates in decreasing aluminium toxicity. The 
growth of the lateral fibrous root system especially is extended by phos- 
phates. The production of anthocyanins after phosphate starvation in 
apple trees and in l)aiiey may be associated with absorption of aluminium. 
Phosphorus is accumulated in seeds in organic combination mostly. Its 
presence in abundance favors early ripening of grains. 

In the process of mitosis and the formation of the new nuclear mate- 
rials considerable phosphate is demanded. Cell-division does not occur 
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properly if phosphuie is deliriorit. Fliosphurus t aimut Iw roplau'd in the 
nutrient medium l)y any other (dement. 1 1 hasiens riiumine., and fm* this 
reason is [iariit'ularly valiial>le vvliere titc* K^rowing seasiui is short. 


V. Sulphur 

Sulphur oc'curs widely distrilnUed over the (airtlds siirfaie; in fact, 
soils which show sulphur deliciency are ratht*r rare. 'Fhe soils produced 
from the deeom|)osition of Lava in Oregon show sutfduir detic imuy. De- 
posits of cah'ium sulphtite, gypsum, are \videspn*ad as are also tlu* sul- 
|)hates of magnesium and alkali metals, h'onns of sulphur in all condi- 
tions of oxidation or reduction are uschI in t!u* |)lant kingdom. I'lie 
higher plants use only sul))hates, the otlu*r forms being ttsxie if fua'senl in 
more than traecjs in the soil. Ifydrogen sulphide is texidi/.etl as a souia t* of 
energy by sulphur haeteria .sueh as Hrefjaiou, 'Hie end product of such 
oxidation may l)C free sulphur, as protiuctMi by Phonnidia, or sulphates. 
•Freciucntly, organisms which oxidixe hydrogen sulphide lt» sulphatt* live 
in symbiosis willi organisms which obtain tlieir oxygen fnun th(‘ .sidphat(‘s 
produced by the mettibolic activities of t!u‘ first group. ( '(‘liain urganisms 
can oxidize thiosulphates. Sulphites are geiua’ally (juitt* poismums to 
higher plants and to fungi. Sulphur dioxith* is used for sterili/ation [jur” 
|)ose.s. It also jirevents the browning of fruits and \'eg(‘tMbles by oxida- 
tion during the proei'ss of drying. 'Phe action of oxidases is pr<*\ tmted by 
sulphur treatment. I'hisgivtxs a clue as to the nafiirc of the toxit ai lion 
of sulphur dioxide funu‘S on fungi and bai tiM'ia. 

Sulphur is a constituent of two amino a( ids ( omnmnlv found in jn'o- 
teins, cystine and cysteine. 'Plu' (li[H‘plid(‘ghitamyL ysteinc, gjulat hiotu^, 
is of great importaiu'e in irspiration as an oxyg<*n t arrier. Sulphur is a 
constituent of volatile oils of the K,\.\TN(‘ei. wk.k, particularly of tlu* 
BRASSiCACE^y It is jire.seni in white' mustard iSiuupis allui) as tlu* gluco- 
side sinigrin, which on hydrolysis yields allyl istilhiot yanatr, wliii h is 
present also in onion oil with rdlyl sulphide, 'riicn* arc also other odorifer 
ous suli)lnir compounds found in plants. 'Plu* case with whit h sulpfiur 
compounds are oxidized or rt'duced by plants imlit ales that sulphur may 
serve as an oxygen carrier. Sulphur cannot lx* rt'plat tsi in |)lant milri 
tion l)y any other element. The demand for sulphur by plants is low, anti 
it is ditlkult. to exclude from the atmo.spheri' ([uantitles whit li would 
perhaps sulHce for nutrition. The volatiU' oil content of onitms is de- 
creased when sul|)hur is kept at a low coiu'entration. 'Phis indicates that 
in a condition of suli>hur (lehciem'y the suliihur is u.s('d for cysteine and 
cystine formtition at the expen.se of the sulphur-containing volatile oils. 
Sulphur added to the soil aids in tlic solution of oilier soil constituents 
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and may l)e beneficial for this reason. The omission of sulphur from cul- 
ture solutions causes yellowing and brown spotting of the leaves and 
brown discoloration of the roots. 

Sulphur is found throughout the cell in the masked condition as a 
constituent of the amino acids mentioned above. Sulphate ion also occurs 
in cells; in fact, the concentration of sulphate ion in the vacuolar sap may 
be rather high in certain halophytes of the Arizona desert. 

VI. Iron 

Iron is one of the most abundant elements in the earth’s crust. It is 
widely (]istril)uted, and if deficient in soils this is due to insolubility of 
the iron present, rather than to an actual absence of iron. Iron is present 
as the sulphide in pyrites and is a constituent of most rocks whether 
igneous or sedimentary. Iron compounds in the soil are rendered soluble 
by increased acidity, and this may lead to iron toxicity in very acid soils. 
In maize grown in acid soil there may be a deposit of Fe203 in the vascu- 
lar tract suHicicnt to interfere with translocation. Firing of the leaves 
may be oliserved under such conditions. Where the oxygen supply is 
good and the content of organic matter in the soil is not excessive, the 
iron will be in the ferric condition, which is by no means as toxic as fer- 
rous iron is to higher ])lants. Certain iron bacteria {Citromyces) have the 
aliility to oxidize ferrous iron to the ferric condition with a gain of energy 
from the process. Probably organisms of this type have been of impor- 
tance in the geologic past in liuilding up the extensive deposits of bog 
iron ore such as occur in Minnesota. 

Plants grown in culture solutions which are deficient in iron show a 
lack of chlorophyl early in their growth. The cholorosis may be removed 
by the addition of traces of ferric ion. This gives a clue to one of the most 
important functions of iron, that of catalyst in the formation of chlo- 
rophyl. Iron docs not enter into the composition of the chlorophyl mole- 
cule, but it is necessary for chloroi)hyl synthesis. Possibly iron enters into 
the formation of some chloroiihyl precursor. But since the method of ac- 
tion of iron in this regard is unknown, we may describe our ignorance 
perfectly l)y saying that it is a catalyst in the process of chlorophyl forma- 
tion. Iron enters into the molecule of the hematin of animals which has a 
structure much like chloro])hyl and which yields similar units on disrup- 
tion of the molecule. In hematin of the hemoglobin of blood, iron is an 
oxygen carrier. It probably acts as an oxygen carrier also in plants. The 
presence of iron hastens the oxidation of a great many organic substances 
of the cell. Iron is found rather abundantly in the cell nucleus and here we 
usually find a high rate of oxidation. 

Living protoplasm contains .01% to .001% of iron, a quantity which 
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is more than suflicient to carry the oxygen ustni in respiration. 1 'his 
quantity of iron cannot l)e 'withheki from cells witliuut stop|iing growth. 
If growth occurs in a nutrient solution free from iron, growth sto|).s when 
the iron contained in the seed has l)een translocated. If iron is then added, 
the growth is renewed. 'The speed of oxidation can lie inc'reased liy the 
addition of iron, in some cases, the resiiiration being iiroportional to the 
iron content of the [irotoplast. 

Iron forms a compound with cysteine whi(‘h is aut<i-oxidiza!ile, and 
this may he of great ini|>ortanee in cell respiration, I'he iron of chromatin 
is in the masked condition, that is, it does not give the rt*action.s of ferrous 
or ferric ions. Evidently the iron of the chromatin is in organic comliina- 
tion, yet in what chemical compounds cannot he stated, ('hnunatin is 
especially aliundant in actively dividing cells of plants, diromutin 
probably never leaves the chromosome, so that wv an* not concerned 
with the translocation of this tyjie of organic* iron compound. It has beam 
suggested that there are more simple organic iron compounds in plants 
similar to those of animals. 

VH. Manf^anese 

The jiroperties of manganese are very similar to ttuisc* of iron, and 
manganese fre({uently is found in iron-bearing rocks. 'The pliysiological 
function of mangane,se in the cell is as an {).\ygen carrier in oxidations. 
Manganese increases the oxidation of substances by oxidase* at tion, and, 
in fact, oxidases may be merely manga ntxse compounds. Probably the 
therniostalile peroxidase is merely mangaiu‘st‘ which ovvt*s it.; higl) at t ivity 
to atlsorplitin ujion other jirottijilasmic constit u(‘nts. Mangaiie.st* may bt* 
absorbed in (|uaniily by t*ertain trees to such an t*xt(*nt as to rt'ndtu* the 
wood difficulty combust ibit*. Manganese ab.sorption leatls to a < hlorotic 
condition in certain jilanls. 

VIII. CaUlutn 

Calcium is a very imjiortant element both in .soils an<l in plant nutri 
tion on account of its multiple role, ('alt ium is found as a t onstitiumt of 
double silicates in re.sidual clays (.cyiiCo Ca); in granitt* and gneiss 
(i-32%~-3.i7% Ca); in silicate rocks ( 1 1 24Cr. (’a); and in limtxstoncs 
(31-99% ^'^ 0 - Its total absence from stiils oct urs vt'ry rarely, (^)uartz sands 
have but little lime. I ltiwever, the (juuntity of lime in tlu* soil is freijia^ntly 
deficient. Over the whole eastern part of the Ihiited Slates it is usually 
found that applications of lime an? henefK‘ial to virgin .soil. 'I'he addition 
of calcium carlionate or hydroxide to the soil iu*utrali/,es tiu* acidity, what- 
ever its cau.se may be. 'Fhis leads to lloa'ulation of tin* soil I'olloids. d'he 
soil becomes more permeable to oxygen and easier to plow. Zeolites are 
[)recipitated, and clays are thrown out of suspension by additions of cal- 
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cium carbonate or bicarbonate. If the calcium is washed out of the soil, 
the soil colloids may be deflocculated again and form sticky impenetrable 
masses. Sodium and potassium ions antagonize calcium ion in its action 
of flocculating soil colloids. Gumbo soils are high in salts of the alkalies. 
Their fertility may be increased by addition of lime. Sandy soils demand 
less calcium than clay soils. Soils high in organic matter require more 
lime than soils with little organic matter. Bog soils of eastern United 
States are especially liable to show calcium deficiency. Calcium neutral- 
izes acids in the soil whether they are organic acids produced by the 
partial oxidation of plant residues or inorganic acids produced from smel- 
ter fumes or from the efllux of mines. 

The flocculation of clays by calcium leads to a more porous structure, 
which favors the entrance of oxygen and oxidation processes in the soil, 
which lead to the formation of nitrates from ammonium salts. Nitrogen 
fixation in the flocculated soil is aided because the penetration of nitrogen 
gas is better and also because a favorable neutral medium is given for 
the growth of nitrogen-fixing bacteria of the soil. Calcium has an im- 
portant r61e in soil economy. 

The functions of calcium within the plant are manifold. As in soils, so 
in cells, it serves to neutralize acids. Oxalic acid frequently produced by 
the incomplete oxidation of carbohydrate or protein under conditions of 
poor oxygen sup{)ly is precipitated in insoluble form in specialized cells 
of leaves. These cystoliths are formed in leaves quite commonly, and 
deposits of calcium oxalate occur along the tracheae in stems, forming the 
crystal fibers of such woods as elm. Malic, tartaric, and other organic 
acids may be precipitated from solution in cells by combination with 
calcium. The j)rescnce of calcium in culture solutions increases root and 
leaf dcveloi)ment. Roots do not grow well without it. Leaves show Imown 
s{)Otte(l areas and tlie old leaves die, while new leaves are mottled and 
chlorotic. Plants containing chloroidiyl generally contain much more 
calcium than plants of the same families which do not possess chlo- 
roi)hyl. The calcium content increases in leaves as they l)ecome older. 
The cell wall constituents are rendered more firm by an abundance 
of calcium. This may l)e i)artly due to the formation of calcium pectate 
in the middle lamella, since calcium pectate is a stiffer gel than sodium 
or ix)tassium pectates. Roots of plants grown in abundance of calcium 
are noticeably stiller than those grown in solutions of potassium or so- 
dium. Possibly, also, calcium enters into combination with cellulose of 
the cell wall and with the acids of cutin and suberin. Calcium seems to be 
of importance in the regulation of cell permeability. It antagonizes the ac- 
tion of Na+ and K+ which tend to increase permeability. Possibly this is 
due to the formation of calcium soaps with lipoid substances of the cell 



74 


PLANT I»!1VS|()L(HULAL C.HHMIS'rRY 


surface. The absence of calcium isaccumpanitMi by tiu' format ion of much 
cutin on the e|)i(lermis. l\>ssibly this is due to iiureased mobility of 
the fats with greater condensation to cutin, wtien calcium is absent. 

Calcium is not clemande<i for the growth of certain fungi and algie. 
But in Coprinm little mycelium developed and no fruiting laHlies formed 
when calcium was lacking from the nutrient medium. 

IX. Magnemtm 

The action of calcium can he replaced at least in part liy otlun ioris^ 
particularly by magnesium. In regions wliere the dolomitic rocks con- 
tain much magne- 
sium, this (dement 
imiy r(*|)!act‘ ctdcium 
in tlu* middle lamellti, 
forming magn(‘sium 
|Kn1ate. Also, magne- 
sium ptH tat(‘ t an be 
found on the surfa('t*H 
of stigmas of plants 
in such r(‘gions. 

I\Iagn(‘sium is frc» 
(jiuaitiy asso(iat(‘d 
witli talcium iu de- 
posits of dolonnti(‘ 
lim(‘st<}n(*s. Magne- 
sium is not usually a 
limit ing fa( tor in soil 
fertility, since the demands of th(‘ plant for it ar(‘ low. ! !ow(*vcr, tmough 
magnesium must be jirc'sent for the formation of ( hlorophyl, ft^r magne- 
sium is a constituent of (‘hlorophyl, being, in fact, a key atom in the 
structure. The magnesium of chIoroj)hy! is intiax luted latt* in tfu* prot (‘ss 
of chlorojdiyl synthesis. Its introdiuiion risjuiri's Iig.ht exposuns WIhui 
magnesium is abstmt, leaves show wliile anxis, partit ularly in th<‘ vein 
islets (lug. 1:5). Magnesium is found associated witlu rystalliiu' j)rot(*in 
in the globoid and crystalloid bodices of many simhIs. 'Flu* globoitl t t insists 
of magnesium phosphate. Oil-l earing s(‘eds an^ espin ially rit h in magiuu 
sium. In some manner, magnesium seems to be associated with tlu‘ forma- 
tion and accumulation of fats in plants other tlian tlirough its fuiuiion 
in the formation of chlorophyl. Oil globules are not produccsi in lilainents 
of algie when magnesium is absent. Magnesium in (‘X(*i‘ssive ainoimts 
causes lirowning of roots and the death of seedlings. Hus toxic effect is 
antagonized by calcium. 



Fxo. 15. — Soil tukcn from dilorotir iircu in tidil. 'to thr pot on thr 
left 400 lbs. per acre of magnesium sulphate WM're ml«ie<!. The [lot on 
the right received no magnesium sulphate. 
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X. Silicon 

Silicon is present in the earth in great abundance as complex silicates 
of many elements and as silicon dioxide. It is probably absorbed as 
silicate ion. It is absorbed by all plants to a considerable extent. It is 
especially abundant in grasses, in which it is deposited in the epidermis. 
The silicate ion on deposition at the cuticular surface evidently loses 
water and forms a hard deposit of silicon dioxide. This renders the surface 
hard and difficult to penetrate by fungal hyphae since silicon dioxide is 
quite difficultly soluble by organisms. Probably the deposits of silica 
increase the strength of the cell walls and may prevent the entrance of 
parasitic fungi through the unbroken surface. That deposits of silica act 
as protective coverings is shown by the seeds of grasses, Calabar bean, 
and many other seeds. The seed coats frequently contain a layer of silica 
which is very hard and probably serves to strengthen the seed coats. 
Seed coats with high silica and high hemicellulose content are so hard 
as to turn the edge of a knife. 

No organic compounds of silica seem to occur in plants. Silicate 
seems to lead to greater economy of the use of phosphates by plants, 
l)ut not by rei)Iacing it in organic compounds. 

XL Aluminium 

Aluminium has a distribution in soils almost as widespread as that 
of silicon. It is an important constituent of clays and is found in many 
of the rocks from which soils are formed. Aluminium may occur either 
as the cation or the anion, depending upon the acidity of the solution. 
Prol)al)ly it enters the plant as cation. Aluminium absorption by plants 
is dei)enident upon an acid reaction in the soil. When this element is 
absorbed to excess by maize, nutritional disorders appear in the plants. 
The young growing areas above the nodes of the stalk show invasion by 
fungi, and the stalks break over. Dej^josits of aluminium and iron occur 
in sufficient quantity in the stalks to block the conducting vessels. Alu- 
minium toxicity of soils can be removed by applications of lime to lower 
the acidity and thus decrease the concentration of aluminium ion. Phos- 
phates preci|)itate aluminium at proper acidities. 

Aluminium seems to be required by some plants belonging to the 
Lycopodiales, but for what function is not known. When alum or alu- 
minium chloride is applied to soils in which pink hydrangeas are growing, 
the i)ink anthocyanin turns blue. This indicates that aluminium is con- 
cerned with the oxidation of the anthocyanins. Probably the similar 
differences of shades of color shown by other plants, such as the hepaticas, 
have a similar relationship to aluminium. 
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The aijplicalion of soluljle alununium salts to soils or water iultures 
causes toxic symptoms to appear, owing to alurniniurn toxicity. 

XII. Bmm 

Boron is found as borates in maity alkali soils ami in alkali lakes of 
western United States. It is more fre(}iiently a limiting factor in fer- 
tilizers and soils on account of its ])resence tlian on at coimt of a debt ient'y 
of it. Boron is used by plants only in srnall anioimls. It stsmis to l>e of 
importance in the conversion and translotaitiim of stan Ii from leaves. 
It is probably essential for the development of some of the la-Uir.MiNos.'K. 
In legumes ii seems of importance especially in tlie f(»rmalion of vascular 
elements which run to the root nodules after inoculation. C arlKdiydrate 
supi)ly to the t)acteria in root nodules may lie <lelicient if tlu‘ va.scular 
system is not formed, and if there is insududent conversion of the starch 
to soluble sugars. One part of boron to one million of culture solutimi is 
sufikient. It l)ecomes toxic at concentrations of about i 5,000. 

XIII. H alarms 

The halogens, chlorine, bromine, iodiiu\ and iluorintsin* not demanded 
by plants in more than traces, IiUTcased growth has been r(‘port(‘d as 
following applications of chlorides, iodides, and lluorides in small (juanli- 
ties. The chlorides and iodides are found in raimwattn* in rt'gions near the 
sea, in sunicicnt cjuantities. Where chlorides art* pn‘sent in the soil, the 
water rcciuirement is decreased. Large ({uantities of tin* halogens art* not 
tolerated when the cation |)resent is also sonu'what toxit . Sugar 1 )(*(*! sst*em 
to produce higlier percentages of .sugar in soils which contain t hloridtss. 

XIV. Ihuivy M rials 

The effects of copper in plant nutrition art* of int{‘r(‘st maiidy b(*( anise 
this clement is so frecjuently a constitut'ut of fimgit dial and inst^ ticidal 
a|)plications. Co])])er is found in the ash of plants and its quantity is 
increased by the presence of copper carbonate in tlu* soil. In water t ul •• 
lures copi)cr salts become lt)xic wht‘n tlu* conct*ntrat ion is as high as one 
part in 10,000,000. Algie may lie killed by much Iowt‘r com t*nt rations in 
lakes l)ccause the copper is accumulated in them from tin* water; in fat 1, 
almost quantitatively removed by them. In low conct‘ntrations, cojiper 
stimulates growth. It is said to have an oligodynamic t*ffect, but just 
what that means is not known. Coi)[)er can rcplat e magnesium in chlort)- 
phyl, and when so sul)stitute(l makes a light stable ctimpouml. C'opper 
may be a catalyst in oxidations, in a manner similar to irtm, for in mol- 
lusks or other liluc-blooded animals, ta)pper of hemocyanin ref ilaces the 
iron of the hemoglobin of red-blooded animals. 



mp:tabolism of inorganic nutrients 


77 


The action of a number of metallic elements is similar to that of 
copper. Zinc, col)alt, nickel, arsenic, and some similar cations may in- 
crease growth and the rate of metabolism when they are present only as 
a few parts per l)illion. But all of these elements are very poisonous when 
the concentration is a few parts per million. 

Barium and strontium salts have an action very different from the re- 
lated calcium or magnesium salts. Strontium is more poisonous than ba- 
rium to plants. The chloroplasts are rendered inactive by strontium salts. 

Salts of the heavy metals, Ag, Hg, Au, Pt, etc., are used as sterilizing 
agents on account of their toxicity to all groups of plants and animals. 
They are protoplasm poisons, making insoluble compounds with the cell 
proteins and thus disorganizing the cell functions and causing death. 

XV. Summary of Nutritional Deficiencies 

The following table (Table ii) taken from Russell’s Soil Conditions 
and Plant Growth gives a summary of the nutritional deficiencies indicated 
by the symptoms shown by various parts of the plant. 


Table ii 



The leaf 

Poor leaf growth. 

I. Dwarf plants. 

Yellowish colour. Lack of nitrogen. 

(freyish colour. Lack of phosphate or po> 

tassium. 

Claucous appearance. Difficulty of obtaining 

water, excess of soluble 
salts, etc. 

2. Tall spindly plants. 

Lack of light near soil. 

Plants closely packed. 

3. Fruit trees. 

Bronze purple colour. Lack of phosphate (ap- 

ples). 

Lack of potassium (or- 
ange). 

Yellowish, poor growth, Competition of grass and 
Iiremature defoliation. other herbage. 

Chlorosis or yellowing of 

leaf. 

Uniform all over the leaf. Lack of iron. 

Excess of calcium, mag- 
nesium, sodium or po- 
tassium carbonates. 

Excess of manganese. 

Lack of sulphur (to- 
bacco). 
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Chlorosis or yellowing of 
leaf. 


r^alfhes on U‘af. 


Premature defoliation. 

Rich green leavt'S and 
large thick sterns. 

Dark colon i*ed leaves, 
tendeiK'y to criid^le. 

Ikitchy appearan(a‘ of 
her1)agt‘, sonu' dark™ 
green, sonic lighter. 

Very stunted. 


Much (il)rous development. 

Brilliant red (appk'.s). 
Blotchy (toniatoe.s). 

Delayed ri[)ening. 

Failure to rt‘ach niaturit\. 


'rAiri.i-: ti {'aiitinuid 
T/ii' Icii j 

Ihitchy, .spreading from 
midr’ib iUitwartls. 

Mottled. 

Spotty. 

Leaf yelhrwing ami tlien 
dying at tip and from 
edges inwards. 

Leaf yellowing and « lying 
from midrib out war* Is. 

Brown patches restanbling 
.scor’clr (fruit trees). 

Brown pa(( hes t hit‘lly in 
cimtre. 

Brown spots. 


Lack of inagnesimn. 

Lai k of call inm. 

Lack of potassium. 

iati k of | >o(assinm. 

Lack ol nilrogiai 

I*ack of pofassimn. 

lan k of magnesium, 
i^ai k of t all inm. 

Lack ol potassium, mag- 
nc'inin. 

Largo supply of nit rogen, 
Insulin lent poiassium ir 
relation to nitrogen. 

,\( idil ol s< »il. 


Root 

.Acidity. L;n k ol » alciinn or phosphate: 
bad aiaatioii; l.n k ol dr.dnagr: ( lay 
soil. 

(lood aeral ion : sainlv' soil. 

Fruit 

Competilioii of grass. 

Lark ol potassium. 

Sml 

F.xc(‘ss of water: excess of nit rogim ; lack 
of phosphate. 

(ii*eat lack of potassium, 
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CHEMOSYNTHESIS AND THE SPECIAL METABOLISM OF 
CARBON, NITROGEN, SULPHUR, AND IRON 

I. Chemosynthesis and Carbon Assimilation 

Chemosynthesis is a process of assimilating carbon from carbonates, 
in which the energy required for the reduction is derived from the oxida- 
tion of inorganic substances. It is to be distinguished from photosynthe- 
sis, in which the energy is derived from light absorption. The organisms 
which carry on chemosynthesis are autotrophic. They are of the greatest 
importance in transformations of substances in soils. The oxidation of 
reduced forms of nitrogen, sulphur, iron, and hydrogen serves as the 
source of energy, which is used in the assimilation of the carbonates. 
The physiology of these organisms is of especial interest and importance, 
because their metal)olism is of such nature as to set them apart from the 
heterotroj)hic bacteria. The obligate autotrophic bacteria require the 
presence in the reduced form of the particular elements which they use 
in their chemosynthesis. The energy of oxidation of these substances 
may l)e their only source of energy for carbon assimilation. Carbonates 
in solution may be their only source of carbon. 

The group of obligate autotrophic bacteria show transition forms 
which are facultatively autotrophic, and this link serves to connect the 
chcmosynlhetic forms with the more abundant heterotrophic bacteria. 
Depending upon the presence of organic substances in their immediate 
environs, the type of metabolism of the facultative chemosynthetic 
forms may change from strict autotrophism to saprophytism. To many 
of the strictly autotroidiic forms, organic substances in more than low 
concentrations are injurious. The metabolism of the various groups has 
been most studied in their relationships to soils, since they are of great 
imi)ortance in soil chemistry. But the importance of these organisms as 
primitive forms in evolution and as formers of extensive deposits of bog 
iron ore and of sulphur should not be overlooked. We owe to Winograd- 
ski and his students a great part of the work on the culture and metab- 
olism of these organisms which oxidize the reduced compounds of sul- 
phur, iron, and nitrogen. 

II. Special Metabolism of Sulphur 

On the basis of their metabolic processes the organisms which oxidize 
sulphur compounds may be classified into: 
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1. Those forms which oxidize hy<lr(»Keii sulphulr priiit ipallv uith depi^r.itioii 

of elemental sulpliur in their cells. The iiuiiihiTs n| tlu*. Kmiip luay lie 
classified further mor|>hol(>|^ically intt» (a) idaJUi'Ottae, tnltirir-K^ hattfriu 
rei)resente(l by Thit^i/trix niu\ fkiiiiiiiitui: (l») ann tiLunt iittai', * hac- 

teria, siu’h as’ 77 //e.v/>/r/ 7 /«m, Thiovulum. and Aihnfm.titHm: it ) iMitplesul 
phur luuieria which contain n purple n‘t I pii^pai-itt , ba« termparpiiriii, anti 
a green piptmcnt, bactt‘riochIt»ritL ' Hu* group fc I has !K*en n*gardt‘«l as he-' 
ginning the photosynthetie organisms or proftal»lv being the tonmniing 
link in the evolution of tliat group.^ And, Cdl those pei uliarlv ada|)teti 
organisms, siu'h as Phornihiium, wliich live in Imt sjtrings i In at- 

count of the absence from these latter organisms of all of tlie tluTnitdahib 
enzymes for which tt‘sts havt* been made, it \votd«i s«‘em desirahle to 
classify these organisms setiarately tm a physiologieal basis. I'lu'ir met- 
abolic processes are c(*rtainiy carried out in a ditterent manner from those 
of organisms which live at low temperatures. 

2. I'hose non lilanu'utous bat ti'ria which t^xitli/.e fiydrogeii sulphide or tliin. 

sulphates to fret* sulphur, the deposit id* sulphur o< » urring oufsidi' nf tin* 
cells. lOxamples are Ihioluu illiis ilriiiiritu iitis and Thiohinillns iliiafhirns. 

3. Nondilanientons liaeteria which oxidize elemental .sulphur verv rapidly, 

hut which also can o.xidize H-'S uiul thiosul|)hates. i Inlv one spn irs lias 
lieen sliown to have this ability, Thiotnu illus thiti oxidiins. 

Those organisms which act maiidy in the oxidatitm of li-S Ux t*le- 
mental sulphur, ftirming deposits in tlu* cells, eviilenily have also tlu* 
ability to oxidize elenu*ntal sulphur. 'Hu* reaction for the oxidalion of 
hydrogen sulphide may be \vrittt‘u as follows: en-.S { ().. | s.,. | 

122.2 cal. The sulphur may h(*oxidiz(‘d with a furtlu*r lilx'ration ofi-ucrgy 
as follows: So-f^Ood .dl^O ‘.dluSOi } tab If the suppl\ of Ib.S 

is insunicient, the sulphur contaiiu‘d in the tihmicnis may b<* fur! lu‘r oxi- 
dized to sul])hal(‘s. 'riu* depositt'd (‘l(*nu‘nlal sulphui' musl then be re- 
garded as a substanct* dcposit<‘d as an (*n(*rgv reserxa* for use in ( asc of 
starvation. When th(‘ir fr(‘e suljihur has b<*en used uj), tlu* udls die. 'Hu* 
oxidation of suljihur to suljilialt* dt'inands that Ifiere shall be proseiit 
sulistanees for tlu* neulralization of the sulphuiT at id ubitb ollu*rwis(‘ 
would aceunuilate. ( aleiuni carboualt* and bii arboiialc arc prrst'iit 
in the medium at the aeiditit'S lol(‘ralt‘d by this group, and the tab iuni 
serves to neulralizt* the .suliihuric acid, 'blu* tarbonate got-* to form tlu* 
organic substances of the protoplasm. In tlu* case of oxidation of IIm.S in 
suli)hiir only, such neutralization is not necessary. 'The stage to width 
the oxidation iiroeeeds isevid(‘ntly (h*l(*rmiMed hy the oxidation potential 
of the medium, d’hese organisms (oh'ratt* only t rates t)f stilubh* tirganji* 
sulislanees. 'They do not use any t*labt)rat(*<} t arbtm t tiiuptmruis as a 
source of energy in their nutrition. In tlu* reductitm of t>ne gram tif t jir- 
bon from carbonates these organisms use* tlu* eiu‘rgy libt*ratt*tl fmni the 
oxidation of S to k) grams of sulphur. Sulphur external tt> t lu* tells canntit 
be utilized. The tixidalion of sulphur compountls is evitleiuly t arried on 
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entirely within the cells, that is, the process is intracellular oxidation, 
as evidenced by the deposition and removal of sulphur. The nitrogen 
supply of these organisms is derived from ammonium salts alone. 

Evidently extracellular oxidation of H2S occurs in those organisms 
which cause the deposit of sulphur outside of the filaments. Otherwise we 
should have difficulty in accounting for the transport of elemental sul- 
phur which is insoluble in an aqueous medium, from the inside to the 
outside of the cells. The sulphur is deposited at some distance from the 
bacterial colony. These forms also oxidize thiosulphates to free sulphur. 
It has been suggested that the sulphur deposited at a distance from the 
cells is produced by a secondary reaction between thiosulphate in the 
medium and the tetrathionate produced by the oxidation of part of 
the thiosulphate, or produced from the oxidation of H2S by the cells. The 
reactions may be indicated as follows: 

4Na2S20.'i +602~>4Na2S206 sodium dithionate 

6Na2wS20;i 4’502-">2N'a2S406 +Na2S04 sodium tetrathionate 

These organisms can use calcium sulphide and tetrathionate as well as 
hydrogen sulphide and thiosulphate. Their carbon source is from car- 
bonate in solution. The nitrogen source may be either ammonium salts 
or nitrates. The oxygen of nitrates may be used in the oxidations to 
obtain energy. The groui) includes both aerobes, and anaerobes which 
obtain their oxygen from nitrates. The nitrate may be reduced to ele- 
mental nitrogen. ThiobacUlus demtrificans, a member of this group, is of 
wi(lesi)read occurrciu'c in soils. It is not injured by organic substances 
which it can use, but is facultatively autotrophic. It produces elemental 
nitrogen from nitrates by removal of the oxygen, but also can function 
j)y using atmospheric oxygen. It is to be regarded as a connecting link 
between the sulphur-oxidizing bacteria and those which produce deni- 
trification. Its sulj)bur and nitrogen transformations may be represented 
as follows: 

5 S H- 6 K N O + 2 1 loO “■-> K 2SO 4 -f- 4 K 11 SO 4 +3 N 2 

5 Na2S20;i -T8KN0.'{ H-2NaIICOa “5"6Na2S04 -b4K2S04 +2002 +4N2 +H2O 

Of great im{)ortance in the oxidation of elemental sulphur in the soil 
is the single organism Thiobacilliis Ihio-oxidans. Evidently this organism 
brings aliout an extracellular oxidation of the sulphur, for it is difficult 
to picture a mechanism for the i:)enetration of free sulphur into the cells. 
This organism is very resistant to the sulphuric acid which it produces. 
The medium may become as acid as pH 0.58. The organism is strictly 
aeroliic and evidently requires a high rate of oxygen supply, for its growth 
is confined to the surface of culture media, and aeration favors its develop- 
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ment. The carbon supply is fnmi ifgCXLi* At the Mi iditirs niaiiuaiMecl 
by the cultures, scanxdy any free ('arbiUiaU‘ woul<l i*.\ist. C alt iiim t ar- 
bonate is transfornied to sulphatt* and |)reci|iitaU*s. Hu* preseiut* of 
orp:anic matter is not injurious, in fact sonu* stiiiudalitui id |.u'o\vth tit'curs 
from additions of sugars, ethyl alct)l!ol, and glvt<*rin, witlunil tliese sub- 
stances l)eing used in the carbon ectuioiny of the tirganisni, Nitn^genous 
substances must not he present in concentration nuur than a few tentlis 
of one i)er cent, for they have an injurituis elTei t on this organism. 'The 
energy lil)eration by Thiobat illm ihui-oxidam is vi»rv t imsitlt*rahle, siiue 
one mole of sulphur on oxidation to Hulfdniric at id yh*lds calories. 
About 6‘Y://'e energy liberated by the oxidatiem of sulplmr is used 
in the chcmosyntltesis of carbon. 

The oxygen of sulphates can be used by c*t*rtain Inn terta wlucli are 
present to great deptlis in tlie soil, Sucli organisms as ,l//Vfes/o’m dcs/d« 
fiiricam recjuire the absence of free* oxygen. 'Fhc*}' are obligati* an;ierobt*s. 
They must liave a supjdy of (‘laboratt*d inrhon cHmiptamds wide h they 
oxidize with the oxygen derived from sulphates. d‘lu*ir activity proiliues 
H2S, which may prcxluce black <l(*j)osits with iron ( ompiumds. 'Liu* color 
of black muds, as in the Black Sea, is due* frequently to their at lion. 
Some facultative anaerobic* fungi of the g<*nus Admomsu vs ari* (ommon 
in soils and are of importance in the sulplmr cycie in soils. 'I bese sidpliui*' 
reducing organisms live in symbiosis with sulplmr oxidi/ing organisms. 
The reduction of sulphuric acid to hvdrogc*n sulphide ( »»nsum(*s con 
sidcrable energy. Hie reac'tion may be* n‘pr(‘sentc*d as follows: 

IfoS().id-i45 cal. dI..S { 

The energy rcsiuirc'd c'onic'S from tlu* oxidation of carbon comjiounds. 
Evidently tlu* etbcicncy of such oxidations is low, a major part, ja'ohably 
80% of the (‘iu‘rgy iii)(‘ratc‘d in the* oxidation, b(*ing rt*quircd for the* n*- 
(luction of .sulphate's. 

The decomposition of sulplmr com[)ounds of the protoplast to form 
hydrogen sulphide niav Ik* prodm esi by a great manv [)ut ivlac tivo bac- 
teria. Among the obligate anacM-obc's lou illits judniutis and lUiddlus 
sporogencs are important in tlu* iiroduction of HnS. dlu* verv common 
bacterium from the colon, Jhidllus ce//, is responsible* for tlu* formation 
of much of the hyelrogen sulphide of fe*e c's. Hus organism is a fa< ultative* 
anaerolie, as are also Badvrium vid^arv and Staphdiu on us pyoiiours 
aureus which also produce lES. Ixvidc'ntly a great many organisms pro- 
duce H2S in imtrefaetive preicesses. Hu* (juantity of II.S proelue ed eh*- 
pends usually upon the o.xidation [lolential eaf the* putrefying mass. Hie 
sulphate-forming organisms arc* prc*.s<‘nt uni\'e*rsally. 

Much of the ir2S in initrefaclions ceimes from prote'ins whie h lamtain 



chi^:mosynthesis and special metabolism 


S3 


cystein and cystine. Taurine of the bile is a source of H 2 S in feces. Mer- 
captans, either ethyl mercaptan, C2H5HS, or methyl mercaptan, CH3HS, 
may accompany the hydrogen sulphide in feces. These substances are 
also found in certain plants and may be produced in a similar manner 
under reducing conditions. 

III. Special Metabolism of Iron 

Only a few Ijacteria are known to require reduced iron compounds for 
carrying on their carbon assimilation. A larger number of bacteria can 
use the o.xidation of iron as a source of energy but live mainly on organic 
substances. A still greater number of organisms may merely adsorb or 
accumulate iron oxide in deposits on the surface of the cells. 

The organisms which are restricted to the oxidation of iron for their 
energy source, such as certain species of Spirophylhm and Leptothrix, 
will grow only in solutions which contain iron in the ferric condition. 
Ferrous carijonate is oxidized to ferric hydroxide with a liberation of 
energy, 2FeC0;}+H20'->Fe2 ( 0 B[) 6 + 2 C 02 + 29.8 calories. The carbon 
dioxide involved in this equation may partly be assimilated to form the 
organic sul)stance of the [)rotopIast. But the gain of energy in the process 
is very little; the bacteria oxidize a great quantity of iron to obtain their 
energy. 

Certain species of Leptothrix can utilize either ferrous carbonate or 
solul)le organic iron salts. Leptothrix oxidizes the organic part of the 
comi)ounds and causes the precipitation of ferric hydroxide. Such organ- 
isms may be regarded as facultative autotrophs. 

Various strains of iron bacteria are capable of oxidizing manganese 
compounds in a similar manner and they use the energy so derived for 
chemosyn thesis. 

IV. Special Metabolism of Nitrogen 

1. NITROGEN FIXATION 

The most almndant source of nitrogen, the atmospheric nitrogen, is 
not directly available to higher plants for use in their synthesis. In fact, 
the metaliolism of most organisms leads to nitrogen losses. Except for 
the small amounts of nitrogen fixed by artificial means, the restoration of 
nitrogen to the soil is accomplished by a small number of bacteria which 
have the ability of nitrogen fixation. These organisms may add to the 
soil quantities of nitrogen which, if it were necessary to produce it by 
the artificial synthesis at command, would involve excessive expense. 
The nitrogen, fixation by organisms is enormously greater than all of our 
nitrogen fixation by artificial synthesis. A crop of legumes under favora- 
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l)Ie conditions may add as mucli as 200 {umndsuf iuins‘^ru per ac re lu the 
soil per year. 

'rhe reduction of nitrogen by liydrogen to form ammonia* ns in nitrogen 
fixation, evolves energy, bince the reactiiJU is exi>iiirrtni( , it slioidd pro- 
ceed without the use of energy from other sources. Hie react ion may lie 

, N*i*f i-iNlIa f 24 al, .|»i 

represented as follows: I he reaction istnisdy 


reversible. At ordinary tern|.H‘ralures only lof'f of the'riitriigmi is un- 
combined. At higher temfieratures the proj»orti<m of luuaimbiiUMi nitrogen 
is increased, since raising the tem|Hn*ature tends to reverse tlie extaliermic 
reaction. If the cells of bacteria iiroiiuee liydrogen in a rvarilw tmidition, 
it may combine with nitrogen witli a yi<dd tif tmergy in flic |»nH <‘hs. lliere 
is no reason why this energy may not he ust‘d just as well as the energy 
liberated by the oxidation of sulphur or irtm. 'Hie t ombinatiim of molec- 
ular nitrogen and molecular hy<lrogen at ordinary lemptaalurcs proi-eeds 
very slowly. The energy liberation is small. A ratalysf im reases tin* rate 
of the reaction to establish etjuilibrium. It is possible that then* exist in 
cells catalysts which are cafiablcof spcetling uf> this reai lion, lor rells have 
similar catalysis for comliining hydrogmi with oxygen. Possildy also 
in the metabolism of the cells, hy<lrogen may be prodiu tni in the atomic 
state in which it may naict with nitrogmi. 'The (mergy deri\ ed from (onn 
binat ion with atomic hy<lrog(m .should begnxili’r than that libeiateii from 
coniliination witli gaseous hv<lrogcn, sim c then' is t onsideiablt* <‘nergy 
liberated in tlu^ formation of gas<‘ous hydrogen from at«»mi< hsdrogen. 
Furtherm()r(‘, themiergy lil)erate<l in going from gaseous nitrogen to form 
the amino groui) of amino aci<ls may be still gnsiter than tliat indit al{*(l in 
the synthesis of ammonia, since it probably inv<jl\(*s tin* amination of 
an hydroxy acid. Since only (‘iim-gy lilx'ration is ( oiHcrmsl, ilu're is no 
difficulty from the thm-rnodynamics of the rtan tion. liul tlic londitions 


would need to be such that atomic hv'dr'ogen, or at least niolerulai' 
hydrogen, might be fornual. 'Vhv sulphur and iron bat teria whit b art‘ 
obligate autotrophs reijuin* ixaluced suhslanres for their proper tun< tion 
ing. They grow in media eoutaining hydrogen sulphidt' or feno\is iron, 
etc. 'Fhe oxidation [lotential of sia h naslia is siu h as t(» pixidmc the 
reducing conditions under which the hydrogen may lu* protlmctl for 
nitrogen fixation. It is known that e<‘rtain bacteria whit h prt»dutf hydn»~ 
gen under anaeroliic conditions tilst) fix atnmsplierit lulrttgen. 'The hydrtr 
gen rcciuired for the fixation of nitrogen may c(»me from sin h rent titms as 
the production of butyric aiml and liydrtjgtm fnmi llu* bulyrit fermenta- 
tion of hexoses. Whether the first rt*action in nitrogmi lixafitm is tin* pro- 
duction of ammonia or whether the amino acids td* bat terial prideins are 
formed directly is of little imjiortance. Perhaps we shouh! be more correct 
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in physiology if we should consider that reactions which may be stopped 
at delinite chemical compounds do not necessarily need to do so in a 
medium where there are continually so many free bonds and so many 
chemical transformations involving ionic exchange. The fact that a series 
of chemical substances can be produced in a series of stages in vitro, or 
even in vivo, by causing abnormal conditions, is no argument that they 
are formed as such in organisms. We have gained much information 
recently on the importance of free valencies and labile conditions in the 
organism. Steps in the reduction of nitrogen involving intermediate 
compounds have been outlined as follows: N=N^HN = NH~> 
H2N--NH2^>2NH3. 

If the lixation of atmospheric nitrogen by autotrophic bacteria is 
dependent upon essentially anaerobic conditions in the cell, it may be 
perceived that higher plants necessarily must have lost this ability when 
they began photosynthesis and the liberation of oxygen thereby. 

The hetcrotrophic bacteria which fix atmospheric nitrogen may be 
grouped into: 

1, Free living soil ])actcria, such as: (a) Aerobic — Azotobackr ckrobcoccum, 

and A. Bcu'lllns astcrosponis, and B. cllcnhachiensis , Bacterium 

aero^cnes, Rddiobactcr. (b) Anaerol^ic — ClostcrkUum pastoriamim {Bacil- 
lus amylobiiiicr) . 

2. Symbiotic organisms living in tubercles — Bacillus radicicola, Bacterium 

riibiacearitm. 

'['he free living hetcrotrophic bacteria obtain energy from the oxida- 
tion of organic sul)stanccs of the soil, both carbon and nitrogen com- 
})Oun(ls. Their essentially hetcrotrophic nature is shown by the fact that 
if the sui)ply of fixed nitrogen is sufficient they do not fix atmospheric 
nitrogen or not to so great an extent. Thus when no nitrogen source was 
availal)lc other than atmospheric nitrogen, a culture of Azotohacter, 
obtaining its energy from the oxidation of 4% glucose solution, fixed 
24.68 mg. of nitrogen [)cr liter in 15 days. When more than 0.6 gm. of 
ammonia or nitrate nitrogen was added per 100 grams of glucose, nitrogen 
fixation ceased entirely. Also, the presence of usable organic material 
decreased the efllciency of nitrogen fixation per gram of suljstance oxi- 
dized. For instance, in increasing the concentration of mannitol in the 
culture medium, the efficiency of nitrogen fixation by Azotohacter de- 
creased as shown hy the following data: 

Mannite, per cent o.i 0.2 0.5 i.o 1.5 

Nitrogen fixed [ler gm. of mannitc, in mgs. 10.5 8.3 6.4 4.68 3.22 

Most of the hetcrotrophic non-symbiotic nitrogen-fixing bacteria are 
aerobes. The process of nitrogen fixation is favored by tillage and by a 
porous structure of the soil. The aerobes oxidize the soluble organic 
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substances, carboliyd rates, alcolnils, etc., imHiuieil t'inm the plaiu ami 
animal remains witli the proiluction uf larlHUi diovidi- and innf tirp.anic 
acids. It is desirable to have suiVu dent call iunt carboitate iiifscul fur ilm 
neutralization of the acids, for these organisms lic:.t in neutral 

media (Fig. i6). Closkridiunt pasloriaiimn is an anaerube ami is res|Km- 
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Hydrogen-ion concentration e.xiircsseii as pi I 

Fig. i 6. I iilUumt'c of miction <>f mrtlium ujhmi nitroKon lixiitiim !>y hr ((tmii (l.iim v 

ujul Halt l»n 1. 

sil)le for llie nitrogen fixation under conditions in whit h the ihh'ohes t an- 
not function. Closicridium carries on tin* fernnaitat ion of organit sub- 
stances producing organic acids, diietly Imtyrit ami at tUit at itls, in tlu‘ 
process. On tlie basis of tlu* organic inattt'r transftirineil, ^ lostcriiliiim is 
not as enicient a nitrogen fi.xer as tlu' ai’robic A ’.oiiduu (cr, but tin' emagy 
lilieralion l)y Clostcritlinni is niueh lt‘ss on ai t tninl of the inellit iency 
of anaerobic oxidtUions in cru'rgy liln'ration. 'The retitn ing < omiit ions 
under which Clodcritlium ojicnites givt* it at tually a higjier elfn itau y 
in nitrogen fixation when the carbon diuxitle prtnhuftl is ust'd as tlie 
measure of energy liberation. 'Fhe gas produt (‘d by the fermentations of 
Closkridiiini consists of 4(;% CO^ and 51 I la- 'Fhis givt‘s a clear imlica- 
tion of the highly retlucing conditions in t!u‘ c(*lls of lids organism. 
Some bacteria oilier than Cli)slcridiiim which carry on tlu* butyric fer- 
mentation also fix atmospheric nitrogen. 

The nitrogen compounds brought into the soil by free living bacteria 
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become availal)le to crop i)lants upon death and the hydrolysis of the 
bacterial proteins in the soil. 

The symbiotic bacteria found in nodules are highly specialized, being 
adapted to a limited range of host plants. They may form nodules on 
the leaves of plants belonging to the family of the Rubiace^ {Bacterium 
rubiaccarmn) , such as the genera Pavetta and Grumilea, and to the family 
Myrsinaceai:, such as the genus Ardisia {Bacterium foliicola). In leaf 
nodules the nitrogen fixing organisms may enter the host through the 
stomata of the leaf, as in the case of Pavetta. Or they may live in intimate 
hereditary symlnotic relation with the host plant, penetrating throughout 
its tissue and entering the embryo sac, so that the embryo becomes in- 
oculated. When the seed germinates, the symbiotic bacteria are carried 
out with the growing tij)s. The bacteria in leaves live in the intercellular 
spaces. Evidently their activity leads to the production of substances 
which stimulate hypertroi)hy of the cells to form the tubercle. From the 
known effects of ammonia in producing overgrowths of cells, its presence 
may be suspected of being instrumental in the production of the over- 
growth. The leaf nodule formers are aerobic. The leaf nodule formation 
is limited to a few tropical plants. 

The formation of nodules on the roots of plants is more common 
than the occurrence of nodules on the leaves A symbiotic relationship 
has l.)een established extensively between the group of the Leguminos^ 
and the BaciUiis radickola. Nodules are formed also on the roots of 
Elcagnm, Almis, Ceanothus^ Podocarpus, Cycas, Myrica, and Casuarina. 
In some of these cases there is a symbiotic relationship between Bacillus 
radicicola, certain alga.‘, and Azolobaclcr. Adincmyccs has been reported 
as the symbiotic organism in some root nodules. 

The high spcciiu'ity of the strains of Bacillus radicicola, which may 
l)e classified into Rhizobiuni legiiminosum and R. radicicolmn^ is shown by 
the al)ility of the strains to grow only on certain species of the legumes. 
The strains may be classified with regard to their alternate hosts as fol- 
lows (Table 12). 

Table 12 

Group T. Ciroup II: 

Trifolium pralcnsr, red clover Mdilolus alba, white sweet clo- 

Trijolium iiyhridum, alsike clover ver 

Trifolium alcxaiidrinuni, Ijerseem Mcliloius officinalis, yellow sweet 
clover clover 

Trifolium incarnaluni, crimson do- Mcdicago saliva, alfalfa 

ver M edicago hispida, bur clover 

Trifolium medium, zigzag, or cow M edicago In puli na, black medic, or 

clover yellow trefoil 

Trifolium repens, white clover Trigondla fceniimgr cecum, fenugreek 
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'rAiilJ* 

( I roup III: 

lll^na sS'hiensis, t'ow-pt'a 
Cassia chamaurisla, partricl^(‘ pua 
Arachis hypoga'a, iH‘anut 
Lespedcza striata, Japan rlovur 
Muciina ulilis, velvet Ix'an 
Baptisia tiiuiaria, wild indij^iv 
Desfnodi um canvstvns, t iek t ref< »il 
a r mat a, aeaeia 

GcuisUi timtoria, dytT’s i4retMiwee<i 
Pkaseolus lufiatus, Lima bean 

(Iroui) IV: 

J^isum sativum arvrusr, <'anada 
field pt‘a 

Vicia viiiasa, liairy vetch 
Vkia saliva, sprini; vetch 
Vkia f aba, liroad lK‘an 
Lrus (wrukula, huitil 
Lathyriis latiJoHiis, sweet pea 

(Iroui) V : 

Clyriuc hispida (Soja soja), soy- 
bean 


CautifiUid 

tiruiif} \ I; 

Iditistudus vuii^aris, garden bean 
Iditisndus mitiiiiiiuiis, scarlet runner 
bean 

(Jroup \'I! : 

Lupinus ptrainis, !u|nne 
ikuithapus sativa, serraiblla 

(iroup \’1 1 1 : 

Amphiiarpa manaita, fio^^ pi*anut 

< Iroup IX: 

Amarpiia uiHrsn'iis, lead plant 
( Iroup X : 

Straphastvit s //< /re/«/, trailing.*; wild 
bt'un 

(Iroup XI : 

Rida'uiti pscudat lU ia, blark or com 
num loi ust 

( Iroup XII: 

Didt'ii idapt'i uroidt s, wood-.’ ( iover 


Bacillus radicicohi may be found in soils in wbii h iinn ulatis] plants 
have lieen kn'own. 'Phe bacteria in the soil are a(tivcl\' motile. 'Piny 
infect the host plant by entmaiif^ tlu‘ youiiK roots usuall\- throueJi root 
hairs. At first tlu‘ bacteria secun to b(‘ mostlv parasitic, and ;il liiidi soil 
temperatur(‘S the parasitism is emj>hasi/(*(l. As tlu* nodule tormation 
proceeds with the growth of the root tissue arouiicl tin* intei tion .pot, tlu' 
bacteria are changed morpholo.nically. 'Pbev lose their ll.ie.cILe and an‘ 
transformed into somewhat lilamentous forms tailed /s/t/emn/s. 'Plu' 
bacteroids are fnapiently X- or shaped forms. 'Pin* bactivroids an‘ 
attenuated in their virukmce and evidently biUtm- adapted tt) symbiosis 
with the liost than the ori.u;inal motile forms wliit h infei t llu‘ root hairs. 

'Phe symldotic nitrokmndixin^i: organisms derive a supjdv of organii' 
materials from their host jilarits. In culture nualia various ( arboiiydrates 
may lie used as tlic c'arbon soun'e. No fixial nitrogmi source is demandetl 
since the organisms readily li.\ almosph(*ric nitrogen. 'Plie presence of 
fixed nitrogen decreases the nitrogem fixation when t}u‘ bacteria are grown 
in culture media. In the tubercle, llu‘ nitrogtm formed into fiat tma'al 
protein liecomes availalile to the liost plant upon the deatli of tlu: bac- 
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terial cell Inhere has l)een demonstrated a bacteriophage in the nodules 
which causes dissolution of the bacteria, making their nitrogen compounds 
available to the host plant. It has also been stated that there is excretion 
of nitrogenous substances from the live bacteria in the nodule. 

2. DECOMPosrnoN oif com;plex nitrogen compounds— ammonification 

When |)lants or animals die, the nitrogen compounds which they 
contain go through putrefactive processes which again bring the nitrogen 
into forms assimilable by plants. The death of the cells does not necessi- 
tate the cessation of enzyme activity. Autolysis of the dead cell occurs 
from the action of the cell’s own enzymes. The cell proteins are digested 
and may be l)rought into solution by hydrolysis, forming an excellent 
medium for the growth of bacteria. The bacteria already present in the 
organism before death may l)egin putrefaction, but there are always 
present and distributed l)y the air large numbers of putrefactive bacteria 
to comi)lete the decomposition of the proteins. It is scarcely possible for 
a (lead cat to fall by the wayside without its presence becoming known 
from the products of i)ut refaction. 

Idle l)a<.'teria wtiich bring about protein hydrolysis, such as Bacillus 
siibl'ilisj Bacillus wycoidcs^ etc., use the peptides and amino acids in their 
metal)olism. Since a great amount of heat energy is liberated by the 
growth of these l)acteria, the carbon chains of the amino acids are oxidized 
and various decom|)osition j)roducts are formed, including CO2, organic 
acids, alcohols, aldeliydes, hydrogen sulphide, ammonia, and amines. 
The i)roducts dei)end upon the nature of the protein acted upon, upon 
the kind of organisms producing the decomposition, and upon the en- 
vironmental conditions, ddie presence or al)sence of oxygen and the oxi- 
dation potential of the medium are of great importance in determining 
the miture of the i)roducts. When the oxidation potential is low, there 
is (‘xlensive production of reduced compounds, such as ammonia, hydro- 
gen sulj)hide, amines, butyric acid, etc., which are ill-smelling gaseous 
|)roducts, a.nd also strongly odoriferous phenolic compounds such as 
indol and skalol are produced. 

d'he i)rodu('ts of tlie decomposition by one bacterium are acted upon 
by other batderia, so that toward the end of the decomposition of the 
mass the products are difrerent from what they were at the beginning 
of |)ut refaction. Under natural conditions there is a great mixture of 
bacteria i)resent. 

The aliphatic amino acids are more easily decomposed than the aro- 
matic imino acid com[)ounds. Straight chain amino acids under aerobic 
conditions arc deaminized with the production of fatty acids, alcohols, 
aldehydes, CO2, and ammonia. 
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R (T1 NHyCOOlM Il'jO (1i()!i C'iMIll | Ml, 

R CH NHaC'nOIl Tll'iO -H (11^011 ICCI, I Nil;, 

R CH Nlhcoon f llijO *R (1!C) I lIC’CKlIi f Nila 

Alcohols niay l)C pnaluccd from .suc!\ amino ai ids as Icuc inc by Ikic- 
leria, yeasts, and ollua* fimKi- 

The carboxyl j^^roup may be removed from tlie aniiiiojii id wiili forma- 
tion of amines which on further bacteria! ui tum product* jtmiiuaiia. 

R Cn NHaC'OOi! 4< VlUHlh H’Cln 
RCH^NHu I H.() ‘R ('IluOl! I NIh 

With extreme reducing conditions under the action of atiaerobt*s, nsluctive 
deaminization of the amiiu) a<‘id may occur; 

R CH NIbiC'OOH } Ibi -R (Hti(XK)Il f NH., 

R (dl NIbA'OOH I II, -R dia i NHii } ('(), 

The latter reaction leads to the production of m(‘t!iane fre<|uently under 
the anaerobic conditions existing in bogs. 

In the presenct* of free oxygt‘n, oxidative deainini/.al ion is ( urried on 
by bacteria <ind fungi: 

R CM NIIoC'OOlI TO., .R ('OOII I Nil, }('(), 

The bacttaTi of the soil are v<‘ry a<li\’e in protein det omposit ion 
Bacillus niycoides is one of the most tommon of soil bat tei ia, and it is oiu* 
of the most, active organisms in j>rotein de< omposilion. ()ther (ommon 
ammoniliers are: Baclcrinm vulyarr, Batlcriaut Iviuliiydsuni , luidtriuni 
Jlnorcscois liqiu'Jacivns, Bacillus iamrsi tiis, and luicicrhuu \uhiiH\, lUuH 
lus cercHS is t*sj)(‘cially important in tin* ( l(‘a\*ag(‘ of proteins to amino 
acids, ('ertain bact(‘ria, such as Ba< Ulus call and Bai let iiou tilifta mis arc 
obiuSjdo not at1 upon proteins din*ctly, but only upon rhsu agt* pr<i<lurts 
of the j)roteins. d'h(‘ir functioning is deptmdtmt upon th(‘ pi<*v ioie. a< tion 
of SLicli l)acleria as Bacillus erreus. 

3. NITlCnnCATl()N -TIIK OXIDATION OF AMMONIA I'O NmUIFS 

The action of the ammonifying bacteria on prott*in substaiu es yitTls 
a reduced compound, ammonia. 'Phis ammonia can Ik* oxidi/.(*d to nil ritt‘s 
by such bacteria as N ilrosomiaias and Nilrosacm < ns. 'riit*s<* organisms 
gain energy from this oxidation. 'Hiey are injurt'd by higli ( oncentrations 
of organic materials, especially if the oxygi'n supply is poor. Tlu* source 
of carbon for thc.se !)actcria is from <'arb()natt*s. 'Fhey arenii-obic forms, to 
be found only at the surface of decaying masses, such as manure piles. 
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Deei) layers of manure contain only few nitrite formers. They prefer 
an alkaline reaction, pH 8.4-9.0, being thus adapted to conditions under 
which free NH3 should appear (Fig. 17). 



Fig. 17. “Inlluence of rfaction upon (he respiration of nitrile-forming bacteria (after Meyerhof). 


'Fhc oxidation of ammonia probably proceeds through a series of 
stei)S, forming first hydroxylamine and then hyponitrous acid from the 
ammonia as follows: 



+H20-^N^0H 

^OH 



OH 


hyponitrous add 


\ 


OH 

nitrous acid 


The end result of tlie reactions may be represented as follows: 2NH3+ 
302->2HN02+2H»0 + i 56.8 calories 

These nitrite formers are strictly autotrophic. They do not oxidize 

organic substances in the medium. ^ __ , r .u 

The energy liberated from the oxidation of ammonia is used for the 
synthesis of carbon compounds from carbon dioxide or carbonates. 


100 


90 


80 


70 

t 

I 

? 

c 50 

.2 

:2 40 

X 

O 

30 


20 

10 

0 

( 


Fin. iH. IiilliK’n 

cheni()synth(‘sis 
re[)resente(l as f 


l’»rrrnt( 

mI 

I’u;. K). Itilhi 

I^'rcc oxygen is 
nitrile oxidalioi 



CllKM.OSYWrHmS AND SPECIAL METABOLISM 


93 


do not use any elaborated carbon compounds in the medium for their res- 
piration ; in fact, they are injured by organic substances. All of the oxygen 
absorbed is used in the oxidation of nitrite to nitrate. From five cultures 



0,1 »A* l«/o 2®/o 30 /* 49/9 

Nitrite (Concentration 

Fig. 20. — Inlluence of nitrite concentration upon the oxidation velocity of nitrate-forming bacteria 

(from Meyerhof). 

of NUrobacter the average oxygen consumed was 0.295 c. c., while the 
oxygen required for the nitrate which they formed from nitrite was 
0.2q8 c. c. 

The only source of carbon assimilated by NUrobacter is the carbonate. 
About 1 55 milligrams of nitrogen is oxidized from the nitrite to the nitrate 



Fig. ^i.-Tnlluence or nitriilo conconlrulion upon the growth ( -) and respiration ( ) 

of nilrate-forming bacteria (from Meyerhof). 

condition for each milligram of carbon dioxide assimilated. For t^ 
synthesis of carbon compounds alone, the organism uses only about 5.2% 
of the energy which it liberates in the oxidation process. 




PI.ANT I»HVSI()L(HJU'AL (‘IlKiMIS'rR\ 


't'he oxidation of the nitrate formers is iniul.iled l.y the preseiu e eitlier 
of nitrite or nitrate, except in low concentration, as siiown by the grai)hs 

in Figs. 20 , 21. , , , , . . 

The oxygen siii)i)ly of the soil is inllueiued greatly by the porosity of 

the soil When the soil is 50 Ho','?, of saHiration, the resi.iration of nitrate- 
forminK bacteria is most active. In water-loKned soil the oxulation of 
nitrite is decreased until it falls almost to zero in a fully saturated soil 
(Fig. 22). 



Cc. water per 100 gin. soil 


Fk;. 22 .- I fillucnt'f <»l nu>i:ihn<’ (oiilciil iii>i)ti iiilrolo ptmliii i inn in iho aol (liuin O.iiiiry), 


5. OFNITkll'K’ A HON 

Of great iniportanee in soil (‘conoiny ar(‘ those ba( ((*ria whi( h bring 
about the liberation of elemental nitrogen from nitrites an<l nitrates. 
'Fhese organisms may be eallt*(l denitrifying bac tta’ia. 'The denit riiieation 
])r()cx‘ss requires energy for the redudion of the nitrit(‘s and nitratt'S to 
element<al nitrogen, 'Fhe re<|uin‘d energy may be d(a*ived from the 
oxidation of carbon compounds, which is tin* enm'gy sour<<* for most 
denitrifying bacteria, or the energy may (onx* from the oxidation of 
sulphur. 'Fhc latter process is carric'd on by I'klobtu Ulus denilrifuam. 
The denitrifying [irocess takes phtce und(*r anaih’obii comlitions. 'Fhe 
oxygen of nitrite and nitrate is tin* soun'e of o.xygtm for the respiration 
of the anaerobes, d'hose denitrifying organisms wliieh oxidi/.e carbon 
comiiounds in the soil are purely lu'terotrophs; the presence of nitrates 


CmCMOSYNTHESIS AND SPECIAL METABOLISM 


95 


and organic matter favors their growth. The metabolic reactions may be 
represented as follows: 

SCoHi20e+24KN03-^24KHC03+6C02+i8H30+i2N2 
The decomposition of nitrogenous compounds free from nitrates either in 
the presence or absence of oxygen does not produce nitrogen gas. Under 
anaerobic conditions practically all of the nitrate nitrogen is liberated in 
gaseous form. Possibly the nitrate is reduced by nascent hydrogen 
produced in the anaerobic fermentation of glucose or organic acids, etc. 
The reactions may be represented as follows : 

^OH 

0 +2H-^N^ d-HjO 



N OH 

II + 2 H 2 O 

N OH 


N OH 

II II ^O+HiO 

N OH N-^ 

N OH N 

II +2H-^|||+H20 

N OH N 

At high nitrate concentration and high temperatures, relatively large 
amounts of N 2 O are formed, indicating the probability of these steps in 
the nitrate reduction. 

The chemical reactions leading to nitrogen liberation may involve 
the interaction of nitrites jrroduced by the bacteria with amino acids 
in the medium: 

H 

I 

RCNH 2 COOH +HN02->N2 +RCH COOH +H 2 O 

OH 

There may be also the interaction of nitrite with ammonium salts to form 
ammonium nitrite which is relatively unstable and may undergo de- 
composition into water and nitrogen. NH4NO2— >2H20-(-N2. These 
reactions might take place outside of the bacteria as well as inside. 
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The principal <lenilrifyinj{ l)ac leria art; lUtdcrium ikiiitrijiaiits, an 
aerobe of importance in the lilreralion of tlie nitrogen of nitrate.s brought 
into the sea by river tliseluirge: IUicHIhs roli and Hnetrrium dmitrificans 
agilis, both of which are found in feces of cattle; varitius lluorescent 
bacteria, Backriurn pyocyauenm an<l Bacterium liartlchii. 'I'lie organisms 
found in feces are of considerable importance in producing nitrogen losses 
from manures. 

The removal of the nitrate ratlical from nitrates sets free the cation, 
which may lead to an alkaline reaction in the metliuin. 

Tkiobacillus dcnUrijkans can (i.xidize thiosulphate only in the presence 



I' i}!;. .' i. Jfiin Hajil i: lt' jo .ciih I lirtnltinut- Hon-, inp, mill. i h.-v; 

“j'ho arresl of all fiiriluT ^trowlh in llm oii'ani iit. allri penninal ion, win it tin nil .b [.fut d id lr(tiit.'{'r 
is formed of only an ttiuvt'ii'halile iniauliiy ol maictial, ittoliaMy idfri . (lie in«> i itil. in ' i>ii»d I", uloili 
altme i( is most eie.y to etdtiltlisli that the iiiltof'cti wliuli i i in the f'a .euir, -.tafi to i!n aliou pin ji j . not 
directly assimilahlr by iilaiitH.” 

Ai^ronomir, ( liiniic a^iridilc (i It/iytitilot'Jc. I'id. \'oI. i. p, i tHOu 

of nitrates as a source of nitrogen. Its inelaholic reactions may Ih‘ rt‘i)re“ 
sented as follows: 

6KN()a +5^ d" 2Ca(X);}\'- I 2( 'aS( ) i { **( C )<* { 

Oxidation of carbon and sulphur compounds by tin* oxygtm of nitratt‘S is 
a relatively eilicient process becaiuse the dtaomposition of nitrate to 
nitrogen does not recpiirc much energy. 
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6. NITRATE AND NITRITE REDUCTION 

A relatively large number of bacteria, either obligate or facultative 
anaerobes, cause the reduction of nitrates to nitrites, and a number also 
produce ammonia from nitrites. The stage to which nitrate reduction 
proceeds depends probably upon the reduction potentials produced in 
media by the metabolism of the organisms and upon the oxidation poten- 
tial required for their growth. 

7. THE NITROGEN CYCLE 

The beneficial effects resulting from the growth of legumes before 
cereal crops was observed by Theophrastus (about 372-287 b.c.) and 



Fig. 24. — Hermann Hellriegd, 1831-1895, and Hermann Wilfarth, 1853-1004. 


“In their requirements of nitrogen, the cereals are dependent entirely upon the assimilable nitrogen 
compounds i)rescnt in tlie soil, and their development always stands in direct proportion to the available 
nitrogen of tlie soil. 

“liesides the soil nitrogen, the legumes have available a second source, from which they are capable of 
filling their nitrogen re(iuirements when the first source is insulTicient. 

“This second source is the free elemental nitrogen of the atmosphere. 

“The legumes have not of themselves the ability to assimilate the free nitrogen of the air, but it is made 
available to them through symbiosis with living organisms of the soil. 

“'I'o make the free nitrogen available to the legumes for nutrition, the mere prc.scnce of any lower organ- 
isms in the soil is not suClicienl, hut it is necessary that certain species of the latter enter into symbiotic 
relationship with the former. 

“The root nodules of the legumes are not merely to be considered as reserve stores of proteins, but stand 
in a causal relationship with the a.ssiniilation of free nitrogen.” 

Untersuchuni’cn Him die Sru-ks/ojjnahnini’ der Grarnineen imd Leguminosen. Beilageheft zu der Zeit- 
schrift des Vereins f. d. Rtibenxucker-Industrie d. D. A., pp. 203-204. 1888. 

Virgil (70-19 B.C.). The beneficial effects of allowing the land to lie fallow 
was known to the Hebrews, and fallowing one year in seven was required 
by the Mosaic law. Boussingault (Fig. 23), in 1838, was the first to rec- 
ognize that the beneficial effects of leguminous crops was due to their 
nitrogen fixation. Boussingault demonstrated that nitrogen is not fixed 
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by higher plants other than the syml)i<)tic legmnes. lUit the demonstra- 
tion that it was the symlhotie l)acteria living iti the nodules that llxed 
nitrogen and allowed legumes to grow in soils delieient in nitrogen was 
not accomplished until iH86 by Hellriegel an<I Wilfarth (h’ig. 24). The 
root nodule organism was isolated and described by Beijerinck in 18S8. 

Non-symbiotic nitrogen-fixing liactcria were isolated in 1893 by 



Fij,'. as. Sftr.ititi iHsf» 


^‘We are certain now that tlu* as'-imilaliim of e.a toif. nitrocni Ity fivinc m.itirr t.tit rr*ailt (nuu the 
symhioHis of leKvniies with »ni<r»)l)t“.; we know al>i» tli.it ui lower oifMoi.m ; inlMliiiiin; the Miil, 

green al^a; or niicroheH, c;m tratisform fim tii(to)-cn into lived niltojTo, Inii np to the pn a-ni we h.ive not 
known any (letemiined aperies which could with tcrlaiutv he de.inn.iled .» • eiithuvnl with that lunt lion ” 
Snr I'assimilatiiiH lie y.u’^cux tl(' {utr Itx miiri>ln\. ( 'oiu(ilct rendtii, ttd: i pHs 1 pSM, 

i8o.i. 

“Sehltn'sing ami MUntz were correct in at triiuilini' nilrilit .tliun (u a '.pet ilu otrani ,ni, .1 nitiilviiu'. let 
ment, who-se nahir.al liahilal is the soil; Ihi'. mirrohr e.ui l»e isolated am! develop', .tliiintl.inlly in aiipropri.ip- 
solutions, iti e.\ercisiug the ftiiiefiott wide h is proper to it " 

Rnhcrihex sur Ics oryantsmix tic la uitriJiiiUiini. Annals de Tin .t ilul I’a detir, f .'i i 2 iHiji., 

“Since tliis hound enrhon in the cultures t an have no tither sourte iti.m the ('() ■ .md am <• the procesH 
itself can have no other eaiise than the at livily ol the nitrilyiiu; tnrpini.tn, m> other .dleriialive was left 
hut (t) aticrihe to it the ptiwer tif av.imilatitig COa, 

“Since the oxitlttlton tif NIl.i is the tuily Htniree of t heinit al eiietKy whit h the iiiltilyinK oryanian can 
use, if Wiis clear a priori that lh<’ yield in asf.ittiilaliou uiust t tirresjiond to the tinattlit s of <i\i«li/e(| nitroHen. 
ft tttrneil out tluit an apfiroximalely ctmsianl rathi e.vists hetween the values ol assimilated t arhon and 
those of t).xi(li/ed nitrogen." 

Din NUrificiUion llamib. </. teeh. Mykal, Vol. 3, p. iPPiT. luo.j itjofn 

Winograclski (Fig. 25), who dest'rihed Closkridlum^ and in igoi by 
Heijerinck (Fig. 26), who named the gtmus Azolobackr, I'lie work of thence 
two men and their students is resjxmsible for most of our inftiniuUion 
on the nit rogen, suliihur, and iron bat1(‘ria and tlu'ir roles in soil processes. 
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Pasteur suggested that the purification of sewage by the formation 
of nitrates is a bacterial process. The proof of this and the conditions of 
nitrification of sewage were demonstrated by Schloesing and Miintz in 
1877. 

The process of reforming nitrates from proteins in the soil is brought 
about by bacteria operating in turn. The production of ammonia from 



Fig. 26. — Martinus Willem Bcijerinck, 1851- 


'' As ‘oligonitrophiles’ I understand (hose microbes which in free competition with the rest of the mi- 
crol)C world develoi) in nutrient media, without intentionally added nitrogen compounds, but also without 
making i)rovision to exclude the last truces of these compounds. They have the ability to fix the free atmos- 
pheric nitrogen and can use it for their nutrition. 

“They give occasion to two principally dilTerent series of accumulation experiments. For instance, one 
can allow their development to take jdace: firstly, in light, at the expen.se of atmospheric carbon dioxide 
whereby the oligonitroidiiles colored by chromophyl are to be expected; secondly, in presence of carbon 
containing nutrients in the dark, whereby colorless oligonitroijhiles can be expected.’’ 

Ueher OlinonilrophiU’mikrohen. Centralblatt fUr liakteriologie, Parasitenkunde u. Infcktionskrank- 
heiten, 11. 7: 561-582. kjoi. 

protein is brought about by the extensive ammonifying group of bacteria 
{Bacillus mycoidcs, etc.), 'fhis group of organisms is necessarily first in 
operation. They reduce the concentration of organic substances which in 
general inhibit the action of the organisms which are responsible for 
nitrification or the oxidation of the ammonia to nitrates. Evidently the 
ammonification process is generally not as quickly accomplished as 
nitrification. The production of ammonia is not extensive under natural 
conditions; free ammonia occurs mostly under conditions which prevent 
the action of nitrifying organisms. The transformation of ammonia to 
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nitrite by the iiitrite-foriniii}' ornanisins {.Mlrosomrus, .\ iln).u»ni>ii<is) 
is evidently rapid. 'I'lu; oxidation of nitrile l.y the nitrate htuteria 
mirohackr) is still more rapid, for nitrites seldom oeeur in soils. Nitrites 
may be found in sewage waters, but not in high eoneent rat tons. The 
actions of the bacteria occur in order, etich ofKanism is ilependent uiu.n 
its predecessor to form the products on which it ctin act. 'rhestiiKeto 
which nitrification can proceed is depetnlent upon the orttamsms present. 

We may represent the cycle of nitro^tni tiansloimatiotis .is in the 
following diagram ('rable i,t). 

Table 13 
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CARBOHYDRATES 

CHAPTER IV 

CLASS! FI CAITON AN'D PROPERTIES OF CARBOHYDRATES 

1. Importance of Carbohydrates as Plant Constituents 

The greater part of the dry matter of most plants is made up of carbo- 
hydrates. This group of sul:>stances makes up the framework of both 
herbaceous and woody plants. Especially in the latter the carbohydrates 
form structural elements giving mechanical strength to the plant parts. 
The carbohydrates represent the chief storage forms in plants and from 
them directly or indirectly nearly all of the organic compounds of the 
f)lant and animal kingdoms have lieen built up.. Necessarily nearly all 
of the energy for the organic world has come through the intermediate 
form of carboli yd rates l)y the process of photosynthesis. 

In the mature tree, carl )ohyd rates make up many times as much 
storage material as any other substances. In animals the energy storage 
reserve is in the form of fats principally^ with some storage as carbohy- 
drate in the liver in the form of glycogen. The proteins make up a large 
part of the animal body. A com{)arison of the general chemical composi- 
tion of the two kingdoms, plant and animal, can be had from the analysis 
of potatoes or sugar-beets, comj)arcd with analyses of animal carcasses. 
In ])rants the proteins represent a minor j^art. In woody plants the pro- 
teins may l)e found only in the outer living layers of wood and in the 
inner cortex. The |)rotcins of the wood are gradually removed as the 
xylem cells grow older and as their protoplasm becomes more vacuolated. 
When the old xylem cells finally die, their protein constituents probably 
are autolyzed and move outward, being absorbed by the newly formed 
cells. It would then ai)pear unnecessary for a tree to absorb each year 
from the soil all the nitrogen needed for new cell formation since part of 
this may come from proteins already present in old cells near the cambial 
layer. This process of removal of protein substance from old to new cells 
is of especial importance and interest in such trees as the eucalyptus 
and the sequoias, which grow to great height. In such plant structures it 
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ap])ears thal tlu.; |)ro{eins are coiaparal ivt*!y <*\ aiu‘se(*Ml , niovinjir 
outward with the shell of Ki'owtlu 'I1u‘ carhtjlnalralt's of the wo(m 1, in 
comparison, are sta.l)Ie physiologic'aiiy, and are not subject to rtanoval 
or transport, hut remain functional for centuries in their original posit iom 

II . Dcfuiition of Carbohydrates 

The term carbohydrate^ as originally introdiK'ed, was made descriptive 
of the chemical elements wliich the ji;roup eotdains. tdtmumts car- 
bon, hy<lrop[en, and oxy/^en were found to he pr(\seiU in carlH)liydrates in 
the pro])ortion of two atoms of hvalroji'tm to one <jf o.\y,tten, tin* same 
ratio in which these are combined to form water, and ha* (*ach atom of 
oxyf(en there is found one atom of carbon. So carboliydrates miglit he 
regarded as hydrated ('arl)on. Hut this is noi exactly ptaiiiumt to the 
grout), fhere are compounds showing grtMtly diffenmt ies 

from the carbohydrates which have a similar constitution. I‘*or instance, 
acetic acid and lactic acid have the thnr (‘hmumts carhon, hydrogen, 
and oxygen present in the proportion gisim above, ytU no oiu* would 
classify them as car])ohvd rates. Also, tluu't* are substajict‘s whit h have 
the prot)erties of carbohydrates which do uot liavt* (lu* constitution de- 
manded by this proportion. P'or exampk' rhamnose, widt h has one 
hydrogen of the pentose sugar mol(‘cule r(‘place<l by a methyl gnaip, 
making the ratio of hydrogen to oxygen tnlua- than 2 : i. 

Chemit'ally, all carhohydratt^s an* ahit'hyth* or ketone tlerivaf i\'<‘s of 
polyatomic jdct)hols, tlie mokandes of which t ontain t)!H‘ carbt)nvl vroup 
I 

C -O and on(‘ or nmre livdroxvl gn)ups ()!!, om* t)f the laltt‘r btdiu!; 

I 

attached to tlu* ('arbon att»m next jtjined to tlu* t arbon\l group. An 
example of this constitution is giv(‘n in Idst hcr’s formula tor d gjiu ost*. 
Starting with tlu* (‘lul of llu* chain to whit h the akk'hsdt* or kt'tont' group 
is attached, tlu* carhon atoms are tk‘signat(‘d by tlu* kuters ttf tlu* (irci‘k 
alpliabet as follows: 

II OH 1 1 Oil OH 

I I I I I 

C— C— - (• (’ (■ ('II, OH 

II I I I I 

O H OH H H 

a ft y 

Carbohydrates then contain alcohol an<l carbonvl primps, and llicy show 
tlic reactions cliaractca'istic of tlicsc groups. I'’oriiialdcliydi', aii ordiiiK 
to the dclinition, is not a carholiydratc; il lias no alcohol grou|) 
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Sometimes it is considered as the simplest sugar. Formaldehyde shows 
many properties which should properly separate it from the group of 
sugars. 

III. Optical Properties of Sugars 

From the formula for d-glucose it is seen that four carbon atoms, 
a, iS, 7, and 5 have attached to them four different groups. The a carbon 
bears the groups — CHO, — H, — 0 — and the chain of four carbons. 
These groups can be arranged in two orders: clockwise, or counter-clock- 

wise, as follows: ^ These two arrangements cannot 

3 3 be made to coincide in space, and 

the carbon atoms are said to be asymmetric. If there are four asymmetric 
carbon atoms in the chain, then according to the law of permutations 
and combinations there arc 16 or 2^ ways in which the groups can be 
arranged in space. The arrangements of the groups in space determine 
the chemical properties of the sul^stance, so that the 16 arrangements 
give 16 aldohexoses differing in their physical and chemical properties. 
For each arrangement or structural formula there is another which is the 
mirror image of it, which differs from it in the same way that one’s right 
hand is different from the left hand. Such compounds, differing only in 
the si)atial arrangement of their constituent groups, are called stereo- 
isomers. The asymmetrical arrangement of the groups causes the sub- 
stances or their solutions to rotate the plane of polarized light either to 
the right, or clockwise direction, or to the left, or counter-clockwise 
direction, corrcsj)on(ling to the clockwise or counter-clockwise arrange- 
ment of the groups about the asymmetric carbon atom. Those sub- 
stances which rotate tlie plane of [xffarized light to the right, or clock- 
wise, are said to l)e dextrorotatory or d- forms; those which rotate the 
plane of polarized light to the left, or counter-clockwise, are said to be 
levorotatory or 1- forms. The amount of rotation is specific for the sub- 
stance, directly proportional to its concentration and to the length of the 
column through which the polarized light passes. If we know the length 
of the column and the concentration of the substance, we can determine 
a specific property, namely, the specific rotation (in angular degrees) 
of the substance. Conversely, if we know the specific rotation, the length 
of the column through which the polarized light passes, and the rotation 
in degrees, we can determine the concentration. The specific rotation of 
a substance is the rotation in angular degrees given by i gm. of a sub- 
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stance dissolved in i ('. of soIulu)n when viewtni UirooKh .t lube t 
decimeter long, d'he specilit' rotation varus with lenipt*rat ure and with 
the wavedenglh of the light employt‘d, so tliese conditions must be stat(ul. 
The specific rotation is r(‘gularly taken at 20 C . witli light oJ one wave- 
length only. The light emitte<i liy a sodium Ihime is {irailically mono- 
chromatic, yielding only the Di and I)'jt liru‘S of the sjiectrum wliich are 
extremely close' together, and this light is usiul in praclict*. Hence specific 
rotation is ex|)ressed as follows: 


spee ilic rotation in degrt'es 


Ih 


a 

1 XC 


a is numlier of degree's rotation, t is te'rnpe'rature in (h'gret'S centigrade, 
1 is the length of the* tube' in de'cimete'rs, c is the' e'oncentralion in gram- 
meilccules, I) is the spe'e’ilication of the wave* h*ngth of the* light employtui. 
The determinatiein eif e-one'e*ntration of sugar solutiems ami otlu'r sub- 
stanex's l)y the polariscopie: rnethexi is an extre'inely use'ful prae:li(’e in 
commercial we)rk. 


I V. PolymerhatUm of Simple Siiyars 

Aldehyde'S ami ke'tone's she)\v a tt'nde'iie'v to polyme‘ri/.e‘ with tlie 
elimination of water, feirrning anhydride's. In similar mamu'r eomplex 
carbe)hyelrat(.'s si'em to he derivt'd from simple one*s by the formation of 
anhydrides. Ilyelrolytic e-le'avage of tlu'se* anhydride's again may \'ie*ld 
the sim|)le sugars. 

V. i'hemieaJ ’Pest for ('arhohydrules 

A gene*ral te'st for the* carbohydrate* group is the' .Molise li te'st, which 
is givi'n by all carbohyelrale* groups whe'tlu'r pentose* or lu'xose*, and 
wlu'ther fre'c or contaiiu'el in ee>inbinat ie)n in glue oside's or in prole'ins. 
In carrying e>ut the* Me)!ise-h te'st take* s < • c. e)f eone*. H-.SOi in a te'st tube. 
Iiu line* tlie tube to jm've'iil mixing of I be liejuids, and slowly pour down 
the siele of it about 5 e. c. of the* sugar solutiem te) wide h .* elrops e)f Mo- 
lise'h’s rexigent h.as be*e*n adde'd. Meilise h’s re'age'Ut e eaisists of a i f f solu- 
tion of a-napluliol in alee)he)l wbie h must be* fre*(‘ from ae e-tone*. A re'eidish • 
vieilct /,e)ne is j)re)due'ed at the point e)f ce)ntne t e)f the* fiejuids, or a gre'e-n 
ring witli re*el above, e’hanging em shaking to fmrple*. Tlu* n‘ae tie>n is elue 
to the formation of furfural freari the* e'arbe)bydrat(' by the aeiel. 


O 

II 

nc 


HC 


nc 


-rn 


c -cuo 


o 
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VL Classes of Carbohydrates 

On the l)asis of their physical properties such as the property of crys- 
tallizing, the carbohydrates may be classified as follows: 

1. Simi)lc sugars -monosaccharides. Glucose and fructose are the only ex- 

ami)les of this group which occur in quantity in plants in the uncombined 
condition. Most monosaccharides can be crystallized, but with some diffi- 
culty. This is probably because they exist in numerous isomeric forms in 
solution. 

2. Comi)lc.x crystalline sugars—disaccharides, trisaccharides, and tetrasac- 

charides. These sugars show no isomerism in solution and are easily 
crystallized. 

3. Complex colloidal carbohydrates — ^polysaccharides, inulins, starch, plant 

gums, plant mucilages, celluloses, hemicelluloses. These substances 
generally exist in colloidal solution. Some may be crystallized by special 
procedures. 

VII. Classification of Simple Sugars 

Carbohydrates are classified according to the number of their carbon 
atoms into: 

1. Monoses CH/). 

2. Dioses CalldOa CH,OH CHO glycollic aldehyde. 

3. Trioses C.tHoO.'}. 

a. Aldotrioses, 1 -glyccrosc CFL2OH CHOH CHO 2 isomers. 

b. Ketotrioses, dihydro.xyacctone CH2OH CO CILiOH. 

4. Tetroses C.iHkO^. 

a. Aldotetroscs, 4 possible isomers, erythrosc, threose. 

b. Fhy thru lose. 

c. Hydroxymcthyltetrosc, apiose. 

5. Pentoses Cd LoOf,. 

a. Aldopentoses, 8 isomers possible. 

Arabinose, xylose (ribose, lyxosc). 

b. Methylpentoses, one of the hydrogen atoms of the primary al- 

cohol group of aldopcntose is replaced by a methyl group. 
Rhamnose found in glucosides. 

F'ucose found in fucosan in Fiiciis vcsiculosis and other brown algcT, 
Rhodeose in red algic. 

c. Ketopentose, 4 possible, none found. 

6. Hexoses. 

Aldohexoses, 16 possible, 14 known. 

a. (ilucose series; mannose, glucose, idosc, galose. 

b. Galactose scries; galactose, talose, allose, altrosc. ^ 

c. Methylhexoses, artificially prepared, never found in plants. 
Ketohexoses, c) possible isomers, 3 arc known in plants. Fructose, sorb- 
ose, tagatose. 

7. Heptoses CrdlnO?. 

Aldoheptose, glucoheptose, mannoheptose, galaheptose. 

Ketoheptoscs. Sedoheptose from Sedum spcctabilc. 

8. Octoses CJIkiOs. 

Aldo-octoses. Gluco-octose, manno-octose, gala-octose 
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Nonoses CtiHioOu. 

Aldononoses. Glucononose, mannononobt. 
Decoscs CioHooOio. 

Glucodecose. 


Ordinary glucose has a projection formula as follows: 

cuo 

I 

I icon 


HOCH 

HCOII 

I 

Hcon 

I 

CHoOH 


It may be represented as in the scheme of Willaman and Morrow by the 
symbol “I and the same symlrol may stand for all other compounds 
with different terminal groups and slereochemically similar to glucose, 


such as 


COOH 

1 

IlCOH 

HOCM 

ncoH 

1 

HCOII 

1 

CHoOH 


CHO 

1 

HCOII 

1 

IIOCII 

I 

HCOII 

I 

HCOII 

1 

COOH 


CHoOII 

CO 

1 

liCOIl 

IIOCII 

1 

HCOII 

HCOII 


CHoOII 

gluconic aciil glncnnmic acid a kct()li( iil(i-;c 

The dot signifies the aldehyde or ketone group. When the dot is removed, 
the symbol represents a comiwund having like terminal groups, as J- 
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The flags represent the hydroxyl groups of the secondary alcohol groui)s, 
and. thus also such groups as affect the stereochemical proi)erties of the 
compound. In Fig. 27 the hollow circle represents the methyl groui). 

D-glycerose is represented as having its hydroxyl group to the right; 
1-glycerose, to the left. Hence, all the derivatives of d-glycerose fall in 

the right semicircle of 
the diagram, all have 
the basal hydroxyl groui) 
on the right, and all 
belong to the d- family 
of sugars. 

Figs. 27 and 28 show 
the structural relation- 
ships of the sugars. The 
index numl)ers under 
the symbols indicate the 
derivation of alcohols 
and (licarboxylic acids 
from the aldoses. Thus 
aldose x 1 (d-mannose) 
leads to an acid and an 
alcohol not derivalffe 
from any other aldose. 
The designat ion 5? or 75 
shows that two different 
aldoses, 5 and 7, the 
lyxose and arabino.se of 
the samed- family, yield 
the same (active) acid and alcohol. The designation 14 m shows that the 
two enantiomorphous galactoses, 14 and 14, yield the same (hence ()i)ti- 
cally inactive) acid and alcohol. Finally, the designation 10 12 indicates 
that two aldoses belonging to the opposite families yield the sa,nK‘ saccliaric 
acid and sorbite; the aldoses not Ixeing enantiomorphous, the acid and al- 
cohol must obviously be optically active. The antipodal aci<l and alcoliol 
are derived from the aldoses -12 and 10 as indicated l)y the designation 
-i2io. The legends to the diagrams give the names both of the acid and of 
the alcohol derivatives of the aldoses, but only of the alcohol derivatives 
of the ketoses, and neither one in the case of the methyl aldoses. 

The d^s and I’s indicate Fischer's classification, h'our di.screpancies 
occur in the case of the threoses, xyloses, guloses, and idoses. It is olxvious 
that the individuals of these pairs, designated 1 hy Fischer, belong to 
the right semicircle of their structure; and this is the Ixasis for RosanolT’s 



Fig. 28. — The .structural relationships amonf? the ketose sugars, 
together with data concerning their si)ecilic rotation, occurrence, and 
Fischer classification. 
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contention that the old designations for these four sugars should be 
reversed. 

The family designations, d and 1, show genetic relationships, and have 
nothing to do with the direction of rotation of polarized light. 

Brackets around the name of a sugar show that it does not occur in 
nature. Thus d-glucose occurs naturally, but 1-glucose does not; whereas 
both d- and 1-gulose are synthetic, and both d- and 1-arabinose are 
naturally occurring. 

The specific rotation of the sugar is placed under the name in paren- 
theses. Where no value is given, it indicates that the specific rotation is 
not known. When no parentheses are used, it indicates that the sugar 
has not yet been prepared. Thus d-allose has been prepared, but its 
specific rotation has not been determined; and 1-allose is still unknown. 
Parentheses in the legend of the diagram indicate compounds not yet 
prepared. 

It is usually considered that the members of any enantiomorphous 
pair have rotations which are equal, but opposite in character. Several 
exceptions to this appear in the diagram, as in the galactoses and ery- 
throses. These discrepancies may be due (i) to inaccuracies in the deter- 
minations, (2) to impurity of the preparations, or (3) to a different point 
of equilibrium attained by the d- and 1- forms of the two enantiomorphs. 
Whatever the cause, it is not justifiable to assume a value which has not 
been determined, as in the case of 1-idose. Fischer named the aldoses 
having more than six carbon atoms after the hexoses from which they 
originated, as d-glucoheptose, d-manno-octose. In the case of epimers, 
Greek letters are in common use to designate the isomeric modifications 
of the mutarotating sugars, as a-d-glucose, /S-d-glucose. 
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MONOSACCHARIDES 

Dioses, trioses, and tetroses if existing at all in plants, are only transi- 
tory products, probably stages in synthesis or decomposition. If tel rose 
were formed it might easily go into some other substance which is more 
common, for instance, from the tetroses on mild oxidat ion the aldeliydc 
group is changed to a carboxyl and active forms of tlie hydroxyacids are 
produced. On further oxidation, the primary alcoliol grouj) is also oxi- 
dized to car])oxyl, yielding dibasic acids, viz.: d- and I-tartaric adds, 


and mesotartaric acid which is inactive. 


COOH 

1 

COOH 

1 

coon 

1 

coon 

1 

1 

HCOH 

1 

1 

HCOH 

1 

1 

1 

I IOC 1 1 

1 

1 

HCOH 

1 

1 

HOCH 

1 

1 

irc:oir 

1 

1 

HOC'H 

1 

1 

COOH 

1 

COOH 

1 

C( )()i r 

i 

('()() 11 

a 

maso- 

h 

<1- 

c 

1 

<1 

meso 


b and c are d- and 1-tartaric acid, a and d are ideal ical. 'riu‘y rcj)reseni 
“internally comi)ensate(r’ mcsota.rtaric acid, ddrlaric acid is a common 
plant constituent, the four-carbon sugar is not. ()(‘lo.s(^s and nono.ses ar(‘ 
not found in i)lants. But they have been synthesized and .soim^ of 1 lam- 
physiological [)roperties are known. In plants jxaitoses and hexoses are 
the monosaccharides of imixn'tance and interest, 

I. J^'filosrs 

There are two pentoses common in plants, d-xylose and l-arabino.sc, 
and one methyl[)entose, rhamnose, which has one 11 of the pcmlo.se sub- 
stituted by CH;j. l-ribose is not al)undant, hut is of importaiue as a 
constituent of nucleoprotcins. The cmpirica .1 formula for pento.scs is 
C5H10O5. The pentoses do not exist free in phints in any liigh (a)n( ent ra- 
tion, but their polymers, the i)ent()sans, arc common. With |)roi)er 
hydrolytic enzymes, or when they are l)oiled with strong mineral acids, 
i)entosans may be hydrolyzed to pentoses. 
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d-xylose 

l-arabinose 

CHO 

CHO 

1 

1 

HCOH 

1 

HCOH 

1 

1 

HOCH 

1 

HOC— H 

I 

1 

HCOH 

1 

HOC— H 

1 

1 

HCOH 

1 

1 

HCOH 

1 

1 

H 

1 

H 


All tissues giving a lignin reaction contain d-xylose. It is also found in 
bran, wood, straw, and the shells of apricot seeds, etc. 1-arabinose is 
found in gum arabic and cherry gum. A pentose d-ribose forms part of 
the molecule of the nucleoproteins. 

The pentosans xylan and araban C5H8O4 (C5H10O5 — H2O) are poly- 
mers of the pentoses. They are found in the skeletal structures of plants 
almost entirely. The enzymes that act upon them are named according 
to the particular pentosan upon which they act. For example, xylanase 
acts upon xylan. 

Grtiss found that the inner part of wood vessels was digested in spring 
with the formation of a gum. An enzyme was probably the active agent. 
The enzymatic hydrolysis of pentosans is not extensive in plants, but a 
great number of wood-rotting fungi, Xylaria, etc., regularly use these sub- 
stances as a source of energy. 

The gums contain pentosans in com])ination with complex organic 
acids. Gum arabic, according to O’Sullivan and Robinson, consists of 
2-aral)an (CioHmOs), 4-galactan (Ci2H]20io) arabic acid (C23H30O18). 
Gum of Gedda from one of the acacias consists of 4-araban, 3-galactan 
geddic acid. Gums, then, are not entirely carbohydrate. They contain 
a variety of complex organic acids combined with carbohydrate groups. 

The pentosans can serve as reserve material when the more readily 
utilizable carbohydrates have been exhausted. In leaves the pentosans 
increase during the day and decrease at night. They increase when the 
leaves are supplied with glucose, and decrease when the action of the 
chlorophyl is prevented and carbohydrate nutriment is absent. Under 
illumination there is a high O2 content in the intercellular spaces of the 
leaf, and this with high glucose content may account for the formation 
of pentoses and pentosans under this condition. Pentosans may be pro- 
duced in stems under tension and compression. Dehydration of tissues 
also causes their production. 
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The methylpentose, rhamnose, is found as a constituent of many 
glucosides. The most widely distributed glucosides which contain rham- 
nose are flavone derivatives such as quercitrin, the red pigment of oak. 

II. General Properties of the Pentoses 

The aldopentoses have three asymmetric carbons; hence there are 
2® or 8 stereoisomers. The pentoses are not fermentable by yeast; they 
are, however, usable by a number of fungi. On distillation with con- 
centrated HCl or H2SO4 (25%) they are converted into furfural, which 
may be detected by its turning aniline acetate paper red. 

C6Hio06-3H20^C6H402 

furfural 

This reaction may be seen by boiling shavings or l)ran with concentrated 
HCl in a test-tube and allowing the steam to come in contact with filter- 
paper moistened with aniline acetate. A pink color is firoduced if [len- 
tosans are present. Hexoses also produce this reaction but to much less 
extent, giving about 2% as much furfural as the pentoses. 

When warmed with concentrated HCl (sp. gr. 1.2) and a little orcinol, 
the pentoses produce a greenish-yellow com[)ound which is solulile in 
amyl alcohol to a clear green solution with characteristic absoqilion 
bands between the C and D lines of the spectrum. 'Phis color reaction 
may be modified by adding a couple of drops of ferric chloride to the 
solution after it has been heated with HCl and orcin, producing a bright- 
green color. This test is characteristic for [lentoses. The jientoses give 
the Molisch test, and they form osazones. Arabinose osazone melts at 
157° C. Xylose osazone melts at 160° C. The jientoses reduce h'ehling’s 
solution because they have a free aldehyde grouf). No })entoscs of the 
keto type are known in plants. 

III. Synthesis of Pentoses 

If the CH2O groups were added successively on the condensation of 
formaldehyde produced in photosynthesis, it would be possible to get 
successively 2, 3, 4, 5, or 6 or more molecules condensed. A six-carbon 
sugar, acrose, has been synthesized in this manner. This would a(‘count 
for the origin of pentose in photosynthesis, l)ut this method of origin 
of pentoses probably does not occur. If the sugars are formed from con- 
densation of two molecules of glyceric aldehyde or other triose, only 
hexoses could be formed. 

2CH2OHCHOH CH:0->CH20H(CH0H)4CH0 

^rlyccric aldehytle hcxiMse 



MONOSACCHARIDES 


IIS 

This idea has been advanced, but there is insufficient evidence to es- 
tablish it clearly. However, it seems fairly clear that pentoses are formed 
only from hexoses by oxidation. 

In the aldose sugars the carbon of the carbonyl group is most reactive 
and is the cause of the great reactivity of these sugars. In di- and poly- 
saccharides these groups are so united with other groups that this carbon 
is no longer reactive. The di- and polysaccharides are then attacked by 
oxidation at the opposite end, at the primary alcohol group, — CH2OH. 
Such a reaction gives glucuronic acid CHO(CHOH)4COOH. The pres- 
ence of glucuronic acid in plants has been established. A general property 
of acids of the formula of glucuronic acid is to split off CO2 from the 
carbonyl group in sunlight. 

H OH H OH OH 

I I I I I 

0= C C C C C COOH-^ 

I I I I 

H OH H H 

glucuronic acid 

H OH H OH 

I I I I 

0= c C C C CH 2 OH +CO2 

I' 1 I 

H OH H . 

1-sylose 

This reaction is commonly shown by bacteria which form xylose as a 
product of metabolism. It probably is concerned in the gummosis of trees. 

If the pentoses were made from hexoses by oxidation of the aldehyde 
group, then d-glucose would yield d-arabinose. 

OH H OH OH H H OH OH 

1 ! 1 1 I 111 

0=c — C — C — C — C — C— H^O=C — C — C — C — CH 2 OH 

I I I I I I I I I I 

H H OH H H OH H OH H H 

d-glucose d-arabinose 

Also d-galactose would yield 1 -xylose. 

OHH H OH H H OH 

I r I I III 

0=c— C— C— C— C— CH20H-»0=C— C— C— C— CH 2 OH 


H H OHOHH 

d-galactose 


H OHOHH 

1-xylose 
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But in plants the following are the sugars which are found associated; 
d-glucose with d-xylose, and d-galactose with l-aral)inose. 




OH 

: H 

1 

OH 

1 

-Q 




OH 

1 

H 

OH 

1 

0= 

=c- 

-c- 

1 

1 

~c— 

1 

_C-~- 

1 

i 

1 

-CH 2 OH- 

>0 

=C- 

1 

1 

- -C- 

1 

1 

1 

1 


1 

H 

1 

H 

OH 

1 

H 

1 

H 



1 

H 

1 

II 

OH 

1 

H 




d-glucose 






(I xyloHC 




OH 

: H 

1 

PI 

1 

OH 

1 




CH 

1 

H 

1 

H 

1 

0- 

=C- 

1 

i 

-c- 

1 

1 

~c— 

1 

-C— 

1 

1 

1 

-CH 2 OH 

>0 



1 

1 

— c 

1 

1 

-c- 

1 

■<: 

1 


1 

H 

1 

H 

OH 

1 

OH 

1 

H 



1 

H 

1 

H 

OH 

OH 


d -galactose l-arahino.sc 


This association in i)lants gives evidence that glucuronic and galact iironic 
acids are intermediate compounds in the formation of pentoses from 
hexoses. 

Pentoses on oxidation at the aldehyde end yield pentonic acids, for 
example, arabonic acid and xylonic acid. Penlonit' acids on oxidation 
yield a tetrose, CO2 and H2O. But in i)lants tliis mechanism for llie 
formation of tetroses docs not seem to function. 'The primary alcoliol 
group of the pentoses can be oxidized, yielding a dicarboxylic atdd. Hotli 
xylose and arabinosc yield trihydroxygliitaric acid, ('()()! I 
COOH. On reduction, arabinosc and xylose yield the corresponding 
alcohols, arabitol and xylitol. 

The |)entose j)()lysaccharidcs have a marked propinly of taking on 
water in contrast to many of the hexosans. A high d(‘gre(‘ of hydration 
of the pentosans when in contact with water is an indication of tli(‘ un- 
saturation of accessory valencies which allow tlie molecules to form 
loose compounds with water. This is not shown by llu‘ hexosc* poly- 
saccharides such as starch or cellulose. Evidently them tlu‘ nature* of (he 
linkages 1 )C tween atoms in j)entosans and hexosans is somc‘what diUVn'iit. 
Pentosans in the cell increase enormously the hydration capac'ity of the 
tissue. They are important in the water-holding powcu* of cac li and olhc'r 
such i)lants. They enable j)lants to hold their moisture* against drought 
or extremely low temperatures. 'Fhe presence of |)e‘ntosai)s favors the 
undercooling of tissues and retards ice formation. 

The pentoses originate in plants under conditions in whie’h metabolic 
activity is repressed, .such as in drought conditions or low temperature 
exj)osurc, or on wounding, or when the tissue is under tension or [)ressure. 
There is a rather remarka-ble case of the formation of woody elements 
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containing pentoses when tendrils are subjected to tension. Pentoses 
may be regarded as important in the economy of succulents in arid re- 
gions since their formation results in increased water-holding capacity. 

Pentoses can be differentiated from hexoses by boiling them with 
dilute 10 % HCl or H2SO4, because they yield furfuraldehyde. The hexoses 
yield furfuraldehyde only with strong acids. 

IV. Hexoses 

There are three aldohexoses common in plants, d-glucose, d-mannose, 
and d-galactose. 


CHO 

CHO 

1 

CHO 

1 

HCOH 

1 

1 

HOCH 

1 

HCOH 

1 

HOCH 

1 

HOCH 

1 

HOCH 

1 

HCOH 

1 

1 

HCOH 

1 

HOCH 

1 

HCOH 

1 

1 

HCOH 

1 

HCOH 

1 

HCOH 

1 

1 

HCOH 

1 

HCOH 

1 

1 

H 

1 

H 

1 

H 

d-glucose 

d-mannose 

d-galactose 


There is one ketohexose common in plants, d-fructose, and one rarely 
found, d-sorbose. 

H 

I 

HCOH 

I 

C^O 

I 

HOCH 

I 

HCOH 

I 

HCOH 

I 

CH 2 OH 

d-fruclose or Icvulose 
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With this formula there arc sixteen [lossiblc aldohexoses according 
to Van’t Hoff’s rule (2^). Two closed-chain amylene oxide forms, two 
butylene oxide forms, two propylene oxide forms, and two closed-chain 
ethylene oxide forms are possilde, corresponding to each of the open- 
chain aldehyde forms. 

The hexoses are optically active. 

d-glucoscH" 52 . s'* d-galactosc H-iS i ” 

d-mannose-f 14'' d-fructose 02“ 

The specific angular rotation of d-glucose when first dissolved 
is +110°. This gradually falls to +52,5®. l^y the addition of a trace 
of alkali the rotation changes very rajiidly to the lower value. This 
change of rotation indicates that there arc two forms of d-glu('ose 
(a ancl /3) differing in rotating power, one Iieing formed from the 
other in water solution. This change is shown also by iUl tlic other el- 
and 1 -hexoses. There is evidence that the sugars in water solution form 
lactone ring compounds with the aldehyde oxygen atom in the lactone 
ring. 

In a-d-glucose the oxygen of the Initylene oxide ring is on the same 
side as the OH of the terminal aldehyde grou[). In /:?-d-glu(‘ose it is on the 
opposite side. The transformation on solution in water may lie rejire- 
sented as follows: 

H 



HCOH HCOH HCOH HCOH 


HCOH 

1 

HCOH 

HCOH 

1 

HCOH 

1 

1 

H 

H 

1 

H 

1 

H 

a-d -glucose 


OH can wander 


oxonmm hydrate 

K'lck to either 
ft or ^ position 

/ii-d-glucose 

(aid -+ 19 ° 

(a)d« 113.4° 
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^CHOH 

C 1 

^CH o: 

r 

HOCH 

1 

HCOH 

I 

HCOH 

I 

CH2OH 

ethylene oxide 
form 


-CHOH 

I 

HCOH 

I 

"CH 

I 

HCOH 

1 

HCOH 

CH2OH 

propylene oxide 
form 


CHOH 

^1 

'HCOH 


O . 
\hoch 


/3*d -glucose 


CH 

I 

HCOH 

I 

CH2OH 

butylene Oxide 
form 



CH2OH 


amylene oxide 
form 


This property of mutarotation or change of position of the H and OH 
groups is explained by Armstrong as due to labile forms existing in 
equilibrium. 

D-glucose then may exist in the following forms: One form of the 
regular aldehyde formula, or Fischer formula; two forms, a and 0, with 
the amylene oxide formula; two forms, a and jS, with the butylene oxide 
formula; two forms, a and /3, with the propylene oxide formula; and two 
forms, a and with the ethylene oxide formula. Gamma glucose is a 
mixture of a and 0 forms. At equilibrium in 10% glucose solution at 
22° C. there is 37% a to 63% 0. The presence of ions, the temperature, 
and the concentration of glucose alter the position of this equilibrium. 

a-d-glucose crystallizes from solution at ordinary temperatures; 
jS-d-glucose crystallizes out at temperatures above 98° C. The a and 0 
forms are in equilibrium at these temperatures, but separation of one 
form as a solid phase causes reestablishment of equilibrium at the ex- 
pense of the other, so that it disappears and only one form crystallizes 
out. 

The fact that glucose exists in the equilibrated a and 0 forms in 
solution is of great importance biologically. If the 0 form is more reac- 
tive or more easily metabolized, any condition driving the equilibrium 
in the direction of the 0 form will increase the rate of reaction or meta- 
bolic change. All natural occurring glucosides are of i3-d-glucose. This 
indicates a higher reactivity of the 0 form. 

If CHs is joined to the H of the OH in the a-d-glucose terminal car- 
bon, the ring is so stabilized in the a-methyl glucoside resulting, that it 
does not reduce Fehling's solution or react with phenylhydrazine because 
it does not undergo hydrolysis as the a-d-glucose does to form the straight 
chain aldehyde group. The 0 form of methyl glucoside is more easily 
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attacked than the a form, again indicating greater reactivity of the IS 
form, a-methyl glucoside is hydrolyzed by nialtase. /i^-methyl glucoside 
is hydrolyzed by emulsin. These enzymes are specific and more active 
than acids as hydrolytic agents of the glucosides. Yeast contains maltase 
and will act on the a-glucoside converting it to methyl alcohol and a-d- 
glucose which may be fermented, leaving pure /J?-methyl glucoside from 
a mixture of a- and jS-methyl glucosides. 

In the plant, glucose may occur as the uncombined substance which 
may be crystallized within the tissue on desiccation. The onion, the 
grape, and numerous other plants contain free glucose. It shoukl be 
remembered that this glucose may exist in several clitTerent configurations 
which may differ in their reactivity. Probably all [)ossible forms of a glu- 
cose occur in the plant. The condensation of the clitTerent isomeric forms 
of glucose may lead to the formation of clitTerent anhydrides. T1ie anhy- 
drides of glucose occur extensively in plants, forming cellulose, starch, 
and dextrins. Glucose also is a constituent of ixdymers which contain 
other hexoses. Sucrose containing a molecule each of gliu'ose and fruc- 
tose is a very common constituent found almost universally in plants. 

Fructose occurs in most all plants as the free hexose, or coml)ined to 
form sucrose. In certain families of plants, [)articularly the grasses and 
the CoMPOSiTiE, the anhydrides of fructose form imi)ortant reserve foods. 
In dahlia tubers and in artichokes the anhydride of fructose, inulin, is 
of as great importance as the starches of other plants. In the; grasses 
similar anhydrides, for instance phlein in Phleiim prairnse (timothy), are 
found. There are numerous fructosides and inulides occurring in i>Iants. 

Mannose occurs mostly in the form of its anhydrides, tlie mannans. 
These substances are commonly de[)osited as secondary thic'kenings in 
the cell wall of the endosperm of the date dactyl if vra) and in 

palm seeds. Mannose is produced upon the hydrolysis of these n^servesub- 
stances when they are digested during the germination of the s(‘ed. M<‘in- 
nose occurs also as a constituent of some gums and muc ilages. 

Galactose occurs in plants mostly as the anhydride, galacian, in the 
cell walls of w^oody tissues. It is a constituent also of gums and muc ilages. 

Monosaccharides in acjueoiis solution are relatively stable, ])iit in 
living protoi)lasm they are unstable and undergo transformations easily. 
There is no dil'tkulty in transforming one form into anotlier in tlu‘ proto- 
plasm, although the change may l)e dinicult for the organic cdieniist 

V. Ionization of Sugars and Their Transformations 

The sugars which contain several OH groups act as very weak adds. 
They form salts with metals as in the case of calcium sucrate. d'he dis- 
sociation of the sugars as weak acids is very low, being as follows: 
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Glucose 6.6 X 10-13 

Fructose 9.0 X 10-13 

Saccharose 2.4 x 10-13 

Maltose 18.0 X 10-13 

Mannose 1.09 X io~i2 

Galactose 5.2 X 10-13 

Raflinose 1.8 X 10-13 

Lactose 6. X 10-13 

This may be compared with the ionization of some other substances given 

below. 


Dulcitol 

3-5 

X 10-14 

Mannitol 

3-4 

X 10-14 

Glycerin 

7 

X lO-is 

Ethyl alcohol 


10-15 

CO2 

3.04 

X 10 “ 7 

H2O 

I 

X 10- 707 

Tartaric acid 

I 

X 10- 3 

Acetic acid 

1.8 

X 10- 5 

Lactic acid 

1-5 

X 10- 5 

Butyric acid 

1.5 

X 10- 5 


This ionization, although small, is the primary condition leading to the 
transformation which sugars undergo. The reactions of organisms take 
place in the presence of numerous ions which affect the ionization of the 
sugars markedly. Owing to their weak ionization the sugar ions are 
easily decomposed by such weak acids as CO2. Sucrose is almost com- 
pletely hydrolyzed in ten minutes at 100^ C. in solutions whose acidity 
is due to CO2 alone. 

The metals unite with the sugars, forming an R — CH — 0 — M group. 
The salts so formed from sugars are more highly ionized. Iron accelerates 
markedly the oxidation of glucose in solution by the air and Fehling’s 
solution increases the sugar ionization. In pure water glucose remains 
as a and P forms for years unchanged. 

In weak alkalies the groups in the sugar molecule undergo transfor- 
mation, so that a variety of substances may be formed from one molecular 
arrangement, the different forms existing in equilibrium. Starting with 
either d-glucose, d-mannose, or d-fructose with 1/20 n Ca(OH)2 there are 
established the same equilibrium substances in each case. There is pro- 
duced a mixture of the following as represented by the Fischer formulae: 

H H OH H 

I I I I 

CH2OH C C C C CHO 


OH OH H OH 

d-glucose 
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H H 

I I 

CH2OH — c — c- 


OH OH 

I I 
-c — c— 


OH OH H H 

(l-miinnose 


H 

I 

CH2OH — c- 


H OH 0 

I I II 

-c — c — c- 


OH OH H 

(1 fructose 


-CHO 


-CHjOH 


The charges involved are merely shifting the position of the IT and OH 
group, and the substances produced tire said to he cpimeridcs. T'hc 
change in position of H and OH is called cpinierism. 

In a similar manner, with dilute alkali, d-galactose yields a mixture of 
d-galactose, d-talose, d-tagatose, and d-sorhosc. 

A member of the d-glucose series is never transformed into a member 
of the d-galactose series. The dilTcrcnce between d-glucose tind d-galac- 
tose lies in the space relation of the OH on the 7 or third carbon atom 

glticosc galiKttbf 


9 f 


from the carbonyl group. 


It is evident that the enoli- 


2 ation changes involve only the three carbons next to the aldehyde CliO 
group. There exists a gradient of reactivity in the ('arl)ons beginning at 
the carbon atom adjacent to the aldehydes CHO groiij), and dei'reasing 
in reactivity the farther away from IIk^ aldehyde Cl 10 group one jiro- 
ceeds, until the 7 carbon atom is reached wlien the reactivity lias fallen 
almost to zero. 

D-glucose and d-fructose are by far the most aliundant sugars found 
in plants. According to the eiiuililirium concentrations of th(‘ various 
sugars formed by cnolization in the glucose series, the al(Ios(‘s and ketoses 
are about equal in amount. This would indicate a eause for the apjiear- 
ance under natural conditions in |)lants of one molecule of glucose for 
each molecule of fructose, as in sucrose. Of the aldose sugars in the glucose 
series, d-glucose represents live limes as much as ( 1 -mannose, and this is 
similar to the proportions of these sugars found in plants. In llie galactose 
series at the equilibrium point, d-galactose reiiresenls nine times as much 
as all other sugars of this group, and this relation holds fairly well for the 
importance of these sugars as constituents of {)lants, In cnolization, no 
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d-allose or d-altrose was formed from d-glucose, and no l-gulose or 1 -idose 
was formed from d-galactose. These sugars also do not appear in plants. 

Evidently the equilibrium concentrations of the various sugars pro- 
duced by enolization closely approach the conditions existing in nature. 
The pH reaction of protoplasm is proper in many cases for such trans- 
formations to be brought about. Also, there are probably catalysts in the 
cell which may bring about the transformations. 

In plants such as the Composure, where the common storage form is 
fructose anhydrides, some condition evidently favors the formation of this 
isomer instead of the glucose anhydride found in the greater number 
of plant families. Enzymes do not change the position of the equilibrium 
between forms, but change the rate of establishment of the equilibrium, 
or may initiate the transformation. 

In strong. alkaline solutions further enolization of the sugars occurs: 

OH H H CH H 

III I I 

H2C C C C C CHO +KOH-^ 

I I I I 

OH OH H OH 

d-glucose 

H H OH H H 

I I I I I 

CH2OH C C C C C OH^ 

I I I I I 

OH OH H OH OK 

H H OH H H 

I I I I I 

CH2OH — c — c — c — c — -c 

I I I .\/\ 

OH OH H O OH 

ethylene oxide form 

H H OH H 

III I 

CH2OH C C C C=C OH 

I I I I 

OH OH H OH 

1-2 dienol form of d glucose, 
d-mannose, 
or d-fructose 

By taking up one molecule of H2O at the double bond and rearrange- 
ment this enol goes over into d-glucose, d-mannose, or d-fructose, accord- 
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ing to whether the OH of the HOH attaches to carlxai i or 2. In this 
manner the hexoses are interconvertible. In the same way there can be 


formed : 

CH2OH 

I 

OH— C— H 

I 

OH— C— H 

1 

H— C~OH 

I 

OH— C— H 
H—C— -O 

(I glucose 

C— H2OH 

1 

HO— C— H 
HO— C— H 

I 

c-=o 

1 

H—C— OH 

I 

Ha C— OH 

I 

H 


CH2OH 

1 

HO~C— H 

I 

HO— C— H 

I 

H—C— OH 

I 

HO— C 

II 

H—C— on 

1 2 <lu'»ol 

CM2OH 

I 

HO— C— H 

I 

HO— C 

II 

C-OH 

I 

H C OH 

1 

H con 

1 

H 

3 4 


CH2OH 
HO— c— H 
HO— C— H 
H— C-OH 

I 

c- o 

I 

H -t' OH 

I 

H 

fruclose 

C H./)H 

I 

HO - (' H 

I 

C -O 

I 

II— C -OH 

I 

H (' OH 

I 

II (’ OH 

1 

II 

2 dipnoi 


CHaOH 
HO— C - H 

I 

HO— C H 

I 

C-OH 

II 

C-OH 

I 

H-C OH 

I 

H 

2 3 tlicnol 

c HnOir 

I 

MO C 

II 

C' oil 

M -C OH 

I 

H (' OH 

I 

M (' OH 

I 

H 


These forms arc also capable of rcarrangemcnl to form all possible ar- 
raugements in the saccharide molecule. 

A general pro{)erty of double lionds in carbon ('omj)ounds is (heir high 
reactivity as shown in fatty esters of (he unsa(ura(ed fa((y acids, e(c. 
When iodine or l)rominc is in(roduced inlo (he chain, (he double bond 
opens easily to combine with the new groups. Similarly, (he enol forms of 
the sugars are very reactive and break a|)art sponlaneously at the doulile 
bonds with a result that highly reactive fratdions of (he sugar molecmle are 
formed. The shifting of the ])osi(ion of the double l)ond on enolization l)y 
alkalies would account for the breaking of a he.xose into 51, 4 2, or 3 -3 
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carbon atom pieces. Breaking of the 1-2 dienol results in formation of 
formic and d-arabonic acid, if oxygen is present. 


OH H 

I I 

H-C C- 

I I 

H OH OH H 


H OH 0 

I I II 
c c — c 

I 

OH 


H 0 

X 

OH 


The ketose sugars are decomposed in aqueous solution by ultra-violet 
light. Carbon monoxide is evolved and the corresponding alcohol con- 
taining one carbon atom less is formed. The aldo sugars are practically 
unaffected by these conditions. Evidently this difference in stability is 
due to difference in the molecular arrangement. 


VI. Determination of Reducing Sugars 

Among the important chemical characters of monosaccharides which 
apply to both hexoses and pentoses is that of showing the power of reduc- 
ing various substances. They reduce an ammoniacal silver solution form- 
ing a mirror of silver; they form resin-like substances on treatment with 
alkalies, the resins being complex polymers. The reduction of Fehling’s 
alkaline cupric tartrate solution is a reaction of importance in qualitative 
and quantitative work on the sugars. 

Fehling’s solution is made from a mixture of two solutions: Solution, 
I, CuSOd.* 5H2 0 solution containing 69,278 gms. per litre; and Solution II, 
alkaline sodium and potassium tartrate solution containing 348 gms. 
sodium and potassium tartrate and 100 gms. NaOH per liter. The solu- 
tions are made up separately and mixed immediately before use to pre- 
vent reduction in the mixture itself. The purpose of the alkali and 
tartrates is to increase the ionization of the sugars and to produce the 
enol forms. This increases the reactivity of the sugar molecule so that 
it is more easily oxidized. The hydrogen-ion concentration is also es- 
tablished at a proper value by the mixture. The oxidation of sugars 
proceeds most rapidly in alkaline media. 

When a sugar is added to this mixture, if it contains reactive free 
aldehyde or ketone groups it will be oxidized through a great variety of 
substances of 1,2, 3, 4, 5 carbon-atom chains with the simultaneous re- 
duction, of the cupric ion to cuprous ion which separates as CU2O. Com- 
plex copper compounds are produced as intermediates in the reduction, 
and these dissociate readily. As the cupric ions are used up by reduction, 
more are supplied from the tartrate complex. The cupric ions must always 
be kept in excess to get quantitative reduction. Various reducing sugars 
differ greatly in their reducing power under standard conditions. 
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The conditions under which the Fehling’s reaction is carried out are 
important. The time required to come to the boiling-point and the length 
of the boiling period must be accurately adjusted to gel (luantitative 
results. Once the reduction is accomplished, several methods may be 
used to estimate the cuprous oxide produced. Volumetric titration meth- 
ods are convenient when there are no interfering substances in the solu- 
tion. In the gravimetric method the weight of Cu/) may be determined 
or it may be redissolved and the copper determined elcctrolytically. 
These methods do not distinguish between the various monosaccharides 
or other reducing substances which may be present in plant tissues. 

The reduction of Fehling’s solution is possible only where there is a 
free aldehyde or ketone ending. Some disaccharidcs, malto.se, and lactose 
reduce Fehling’s solution because they have free aldehyde or ketone 
groups. Tannins also reduce Fehling’s solution. 

VII. Formation of Uydrazones and Osazoncs 

With phenylhydrazine and substituted i)henylhydrazincs the sugars 
first yield hydrazones with the elimination of If/), and then on fur- 
ther warming in an acetic acid medium osazones are ])roduced. The re- 

I 

action is through a C=0 (keto sugars) or H — C—Ogrouj) (aldo sugars). 

I 

CHsOHCCHOH)., CHO FlIaNN-lICrirt. -> 

glucose phenylhydraziac 

CH20H(CH0H)4CH =N NITCnl Ir, +I foN - N - (',,1 1), -> 

gluco.se phenylhydrazoiu? 

CH20H(CH0H),i— C Clf NNHC„H,, 

II II 

N N C„II„ 

gluciwazonc 

Excess of phenylhydrazinc oxidizes the next CdlOH to tlie ('MO which 
again reacts to introduce a second group. Hoth carbons at tin* aldc'hyde 
or ketone end are acted upon; hence tlic same osazoru^ is j)n){luc{‘(l by 
d-glucose, d-fructose, and d-mannose. (ilucosamine deriveil from chit in 
also gives the same osazone as these sugars. 

Methylphenylhydrazinc gives a reaction with the keto group of d- 
fructose, and then the action stops without jiroduction of an osazone. 
The aldoses do not react with methylphenylhydrazine. Men<‘e this is a 
reagent for differentiating between keto and aldo sugars. Ketoses are 
more reactive sugars than the aldoses. 

The osazones dissolve in water with difficulty, a property of service 
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in the separation of the monosaccharides which are all very soluble in 
water and may crystallize with difficulty, especially in the presence of 
salts. Mannose is different from the other hexoses in that it forms in 
neutral medium an insoluble phenylhydrazone by which it may be 
identified. The osazone does not form so easily because the OH is on the 
other side of the chain from its position in glucose. The different osazone 
crystals are rather characteristic, and the sugars can be more or less 
readily identified from their osazones. The melting-point of the osazones 
is different and may be used for identification. Phenylhydrazine is much 
used in microchemical tests for sugars. Rosing used this method to deter- 
mine sugars in the guard cells at different times of the day. With practice 
one can learn to distinguish the hydrazones and osazones of different 
sugars in plant tissues. It must be remembered that the crystal form will 
be modified by the presence of sugars and other substances in the plant. 

VIII. Oxidation of Hexoses 

The main source of energy in plants is that liberated from the oxida- 
tion of sugars in respiration. The oxidation of glucose by weak oxidizing 
agents begins at the aldehyde end, forming an acid, gluconic acid. 

CHO COOH 

1 1 

HC— OH HCOH 

I I 

The gluconic acid may be precipitated as the calcium salt and identified. 

Further oxidation of glucose (e.g., with dilute HNO3) attacks both 
ends of the carbon chain, and saccharic acid is the result. The mono- 
potassium salt of saccharic acid is insoluble and may be used in its separa- 
tion. Other aldoses" yield similar products. The changes on oxidation 
may be represented as follows: 

CHO CHO COOH COOH 

1111 

HCOH HCOH HCOH HCOH 

I i 1 i 

HOCH HOCH HOCH HOCH 

1111 

HCOH HCOH HCOH HCOH 

1111 

HCOH HCOH HCOH HCOH 

1111 

CH2OH COOH CH2OH COOH 

glucose glucuronic gluconic saccharic 
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Similarly there may be formed : 

munnosc miinmironic mannonic maimosaiT'liuric 

galactose gaUicturmiic galactonic tmuic 

Galacturonic acid is found in lemons and in the f)ectin of sugar-beets. 
A great many pectic substances have been found to l)e derivatives of 
galacturonic acid. This acid must be regarded as playing an important 
part in the structure of plant cell-wall materials. 

Galactose when oxidiml with dilute HNOu yields mucic acid which 
is sparingly soluble and is used as a means of identifying galactose. 
About 5 % of cherry gum produces mucic acid on oxidation, owing to 
the presence of galactans. Galactose occurs commonly in gaku'losaus, 
and also as galactosides as in the sa|)onins. Galactose is abundant 
enough to form a white coating over I\irlhcywcmm berries after th(‘y 
are frozen. Galactozymasc is rcciuired for the fermentation of galac- 
tose, since ordinary zymase does not attack lliis conliguration of the 
hexose. 

Under abnormal conditions galaclo.se is formed in the sugar-1 )eet, 
and it appears in combination witli sucrose as the Irisaccbaride ralTmose. 
The C|uantity of rafiinosc is increased i)y disturbances of growth such as 
those occasioned by sudden frost. Under this condition llu‘ galactans 
probably are hydrolyzed and yield galactose, dlie frt^(‘ galactose is com- 
bined first with glucose to form the disai'charide nielibios(\ dluai the 
glucose half in this disaccharide according to fixed habit is combined with 
fructose to form rafTinosc. 

The ketohexoses in oxidation break at the ketonic group, yielding 
two acids with various numbers of carbon atoms, (k^pending uj)on tlie 
position of the kctonic group in the chain. 

IX. Rrdiic/ioji of llrxosrs 

On reduction d-glucose tak(‘s uj> two I I’s at llu‘ ald(di\'d(‘ (mkI, forming 
a hexahydric alcohol, sorbitol. 

OH 

H— H 

I 

IICOH 


Mannose on reduction gives mannitol, galactose gives dulcitol, fructose 
gives a mixture of S()rl)it()l and mannitol. 'I’lic pentoses on reduction 
give their corresponding alcohols, xylose gives xylitol, aral)inose gives 
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arabitol. All these alcohols formed from monosaccharides are found in 
plants. Mannitol, for instance, is found in mushrooms that have been 
lying some time around the market. It may exceed glucose in quantity, 
replacing it as a storage form. Mannitol is used as a source of energy by 
many fungi and bacteria. Dulcitol is more resistant to oxidation on ac- 
count of its configuration. The flavors of mushrooms, celery, and aspar- 
agus are due to these alcohols in part. Sorbitol is a common constituent 
of Sorbus berries. 

With regard to the method of formation of these reduced products 
there is a possibility that they may originate when the oxygen of glucose 
is used in certain cases by fungi as a substitute for atmospheric oxygen. 
Glucose is generally a reducer in respiratory processes in the higher 
plants, i.e., it is oxidized itself. Evidently only a small percentage of the 
energy of glucose becomes available when the oxygen for the formation 
of CO2 comes from a part of the glucose molecule itself. Strongly reducing 
conditions may lead to the formation of these alcohols. It has been found 
that they may be produced from hexoses, or pentoses, by reduction with 
gaseous hydrogen in the presence of platinum as a catalyst. 



CHAPTER VI 


USE OF SUGARS IN METABOLISM 

I. Relation of homcrism to the Use of Sugars 

There is a high specificity of organisms in the use of sugars and related 
compounds. 

Bacterium xylinum can oxidize only compounds having the groui)ing 

H H 

1 i 

CHaOH C C 

I I 

OH OH 

It can oxidize mannitol but not dulcitol. 

Consideration of the formuhe of mannitol and dulcitol will hel|) to 
make this clear: 

OHOHH H H OHOMH 

I I I I I I I I 

CHaOH— C— C— C— C—CHsOH CHaOH -C -C— ( : -( : -( ' I taOH 

I I I I I I I I 

H H OH OH OHir H OH 

rnanniU)! -convtTttvl int<) frucl()sc dulcilol not nnackcl 

Gluconic acid contains the grouping recjuired by B. xyliuuni. Ac- 
cordingly, it is further oxidized by the bacterium to kctogliH'onic* acid: 

OH FI OH OH OH II OH 

I I I I III 

COOH— C — C — C — C— CHaOH->COOH— C — C - ('I [aOH 

I I I I III 

H OH H H H OH H 

gluconic acid kcloghu^onk acid 

In contrast with the sucrodastic enzymes, which are apiiarently in 
harmony with the sugar molecule as a whole, these oxidizing bacteria 
seem adapted to a section only of the molecule. Their action is none the 
less absolutely dependent on the presence of the reciuisitc configuration 
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in the molecule. We may explain this by saying that the enzymes have 
a definite structure or catalytic power corresponding to the groupings 
which are acted upon. 

Many bacteria which are without action on dulcitol act upon man- 
nitol. Harden found this to be true for Bacillus coli communis, which is 
of interest also since it produces twice as much alcohol from mannitol 
as from glucose. This difference is ascribed to the presence of the group 
CH 2 OH — CHOH which is contained only once in glucose but twice in 
mannitol. 

Only those bacteria which produce fermentation of glucose act on 
pyruvic acid, CH3 — CO COOH. 

The fermentation of various carbohydrates and allied substances by 
bacteria is effected by a single set of enzymes the action of which is com- 
mon to all such cases of fermentation. The first step in the alteration of 
a particular molecular structure may require a special enzyme to produce 
the common intermediate substance, but the subsequent changes are 
always similar, being due to the action of the standard series of bacterial 
enzymes. 

A further example of the influence of configuration on physiological 
properties is afforded by the formation of the urease ferment by bacteria. 
While d-glucose, d-galactose, and d- and 1-arabinose contribute to the 
formation of the ferment, d-mannose and rhamnose are inactive. In the 

OH H 

active sugars the configuration C C CHO or its optical 

H OH 

antipode exists, whereas in the inactive sugars both hydroxyl groups are 
on the same side of the chain of carbon atoms. 


II. Specificity in the Use of Sugars 

By floating detached leaves, which have been deprived of their starch 
by keeping them in the dark, on nutrient solutions, it is possible to deter- 
mine which substances can occasion the formation of starch. The ap- 
plication of this method to the carbohydrate alcohols affords an excellent 
illustration of the influence of configuration on the physiological prop- 
erties. Plants which normally contain alcohols can utilize these and also 
glycerol to form starch; thus the Oleace^e utilize mannitol, Lingustrum 
and Chieranthus make use of dulcitol. The Rosacea are able to produce 
starch from sorbitol, the production being more vigorous than from carbo- 
hydrates or from glycerol, but they are quite unable to utilize mannitol 
or dulcitol. The members of this group produce sorbitol, commonly in 
their metabolic processes. The leaves of Adonis vernalis are able to con- 
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vert adonitol into starch, but can make use of no other carliohydrate 
alcohols. 

The three polysaccharides, sucrose, raOinose, and stachyose, may be 
regarded as fructose derivatives of increasing complexity, dlie invertase 
of beer yeast eliminates fructose from all of them. 

In their action on optical isomers the enzymes have s|>eciric action. 
Some are able to use only aldohexoscs of a certain configuration. Yet if 
the proper configuration is present, the action |)rocceds as if an inorganic 
catalyst were concerned. The same condition holds for the action of 
organisms on other optically active substances. In fact, the first case of 
this kind was discovered l)y Pasteur, who found that there were two forms 
of optically active tartaric acid, the dextrorotatory d- and the levorota- 
tory 1- forms, differing in their |)hysiological [)roperties as well as in their 
crystal form. Penicillmm i(laucum will not ferment tlie 1- form of tarlaric 
acid but does attack the d- form. From a mixture of the two, Pasteur 
was able to separate the 1- form in })ure condition by fermenting out tlie 
d- form with a culture of Penicilliiim. Also, with tlie micro.sco|)e he picked 
out the corresponding d- and 1- crystals from a. mixture. 

This same si)ecific:ity for certain configurations of the molecaile is 
shown for all of the sugars and for the alcohols or acids derived from them. 
For instance, there is a difference in the fermentation of mannitol and 
dulcitol by Bacillus coll which ferments mannitol and Bacillus coll aero- 
genes which ferments both. Many yeasts {Saccharomyces s/).) will fer- 
ment d-fructose but will not attack 1-fruclose. In geiuu'al, d-glucose, 
d-mannose, and d-fructose are fermentable by most organisms, l)iil 
1-gIucose, l-mannose, and 1-fructose are not a.ttack(‘d. Ordinary yt‘ast 
will ferment the d- forms of these hexoses witli about tlu‘ sa,m(‘ rate for 
all. But d~gaIactose, belonging to a dilTerent series from tlu* d-gliu'ose 
group, is not so easily fermentable by yeast. I)-talos(‘ is lafiated to d- 
galactose in the .same way that danannose is rclat(‘d to (l-gIuc()S(% but 
d-talosc cannot be fermented by yeast, d’he ditlVnuica^ in lernu'ntability 
does not depend iij)on the position of the individual Oil or 11 groups, 
but rather depends upon their relative position in tlu* molecuk*. 

Fischer cxi)lained the S|)eciricity of enzymes by the stat(‘mcnt that 
the enzymes them.selvcs show Msymmetri<' moletailar structure. 'Phe 
structure of the enzyme and its sugar substrate may be a comph'numtary 
arrangement similar to that of lock and key. Of course this is merely an 
attempt to visualize the method of ai'tion and may not aOually hold at 
all. We must know more alunit the enzymes l)efore their siuMilicity can 
be explained satisfactorily. 

Tlie action of yeast on sugar indicates that the y(‘ast zymase has 
three active groups arranged for convenience in explanation in the follow- 
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ing order: This arrangement enables it to attack the glucose mole- 


cule and disintegrate it. These active groups of the zymase would then 
correspond to the arrangement of the OH group in the sugar. With these 
groups it attacks the d-glucose molecule with the OH groups in a cor- 
responding position. This enzyme can attack d-galactose with only two 
active groups. Hence d-galactose is less easily fermentable while d-talose 
is not fermentable at all. 





zyma.se 


d-glucose d-giilactose d-talose 


II. Configuration of Sugars in 'Relation to Their Use in Alcoholic 

Fermentation 

The mechanism of the formation of ethyl alcohol, C2H5OH, and car- 
bon dioxide, CO2, by the fermentation of d-glucose may be explained on 
the basis of labile hydrogen or hydroxyl groups. There is probably a 
series of reactions preceding the decomposition. It has been suggested 
that the first process in fermentation is the conversion of the sugar into 
the enolic form by means of an enzyme contained in the yeast. The 
three fermentable hexoses yield the same enolic form, but possibly it is 
formed at different rates according to the sugar; and whether one and 
the same agency is operative in each case it is impossible to say. The 
subsequent decomposition of the molecule is the same for each of the 
three hexoses, an hypothesis which is quite in agreement with experimental 
observations. This decomposition is also due to an enzyme or to several 
enzymes acting in turn. The breakdown of the molecule may commence 
at the double linkage beyond the carbon atoms in the 2-3 dienol. 

This view’’ is quite in harmony with the discovery by Harden and 
Young that the first stage in the fermentation of glucose by zymase is 
the formation of hexose phosphate C6Hio04(H2P04)2- Glucose, mannose, 
and fructose give rise to the same hexose phosphate. When this hexose 
phosphate is hydrolyzed, fructose is obtained. In other words, the hexose 
phosphate may be regarded as a compound of the enolic form of the 
three hexoses. 

Within the limits imposed by the conditions of the experiment, the 
addition of soluble phosphates to a fermenting mixture of a hexose with 
yeast juice or zymin causes the production of an equivalent amount of 
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COj and alcohol. The phosphates we say act as coenzymes or are acti- 

""" Hexose'phosphoric acid, CJda, 0 .(H,P 0 ,).. is formed hy d-glucose 
d-marose, or d-fructose, and it contains an active carbonyl group and 

%S^snppo^ oTtWs'view of the fermentation process as afforded 
by the fact tha? substances so closely related to glucose as the methyl 
glucosides, glucosazone, gluconic acid, and ethyl gluconate ‘'•'’e unfcr- 
Etable without exception. In all these, only he groui>s a tached to 
the terminal carbon atom differ from those of glucose. Icno wat ion in 
them, however, is impossible, and no action takes iilacc since the forma- 
tion of hexose phosphate is prevented. . f , , 

The behavior of galactose is altogether different. It is fermented 
with much greater difficulty than glucose. Very many yeasts are 
quite without action on galactose. The temperature coelhcieiU of the 
fermentation of galactose is different from the value found in the ciu^e 
of glucose. These facts suggest that galactose is fermented by a dilfci- 
ent mechanism, that a different enzyme contained m galactozymase 
is concerned perhaps in causing enolization, which is less widely distrib- 
uted in yeasts. None the less, the two phenomena must be very closety 
allied. No yeast is known capable of fermenting galactose Init not fer- 
menting glucose. _ 

The change in configuration in passing from glucose to galaitose, 
though not sufficient to prevent fermentation altogether, causes the 
compound to be far more resistant to attack. It is not surprising, there- 
fore that any further change in configuration is sufhcient to make the 
new hexose no longer fermentable. This is illustrated by the behiwior of 
galactose and its isomers, talose and tagatose, which have an enolic toi m 
common to all three hexoses. 
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Neither d-talose nor d-tagatose is fermented by any yeast whose 
action toward them has at present been investigated. Yet in d-talose 
the position of the two upper hydroxyl groups is the same as that in 
d-mannose, and the lower three hydroxyls occupy the same positions as 
they do in d-galactose. Obviously, for it to be fermentable the configura- 
tion of the hexose has to be correct as a whole, the fact that single hy- 
droxyl groups occupy the same positions as they do in fermentable 
hexoses being of no moment. Presumably yeasts contain no enzymes 
compatible with talose or tagatose and which are able to convert them 
into the enolic form. 

The facts described can only be explained on the assumption that 
there is the very closest relationship between the configuration of a fer- 
mentable hexose and the enzymes which cause fermentation. This hy- 
pothesis receives confirmation which is little short of absolute when the 
behavior of the sugars other than the hexoses is considered. No pentose, 
either natural or synthetic, is fermentable by yeast. None of the syn- 
thetic tetrose, heptose, or octose carbohydrates are fermentable. 

The only fermentable sugars, other than the four hexoses, are a nonose 
prepared by the cyanohydrin method from mannose, and a ketotriose, 
dihydroxyacetone. Pure dihydroxyacetone is fermented by very active 
yeasts. 

A further illustration of the relation of configuration to fermenta- 
bility is afforded by the behavior of that monomethylglucose in which 
the methoxyl group is attached to the carbon at the extreme end of the 
chain and therefore most remote from the part of the sugar molecule 
which is generally believed to have the most effect in controlling enzyme 
action. 

I 0 1 

MeO— CH2-~CH0H-~CH--(CH0H)2— CHOH 

Living top yeast and a maceration extract of dried bottom yeast were 
quite without action on this monomethylglucose. The compound also 
resisted seven species of bacteria, all of which acted on glucose. 

The identification of intermediate products in the fermentation of 
glucose has long been a matter of controversy. Buchner and his co- 
workers have suggested in turn lactic acid (CH3 — CHOH — COOH) and 
dihydroxyacetone (CH2OH — CO — CH2OH) as intermediates, but in both 
cases Slator has shown that these fermented very much more slowly than 
glucose, an observation which renders Buchner’s hypothesis doubtful. 
The same will probably apply to the suggestion that formic acid is the 
intermediate product. Bearing in mind Fischer’s synthesis of acrose 
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from dihydroxyacetone, it ai)pears j)rol)al)le lliat diliydroxyacetone is 
fermented by yeast only after it has been converted into hexosc, and the 
same applies to glyceric aldehyde. This hypothesis is greatly strength- 
ened by Lebedeff’s proof that the organic idiosphate i)r()duced during 
the fermentation of dihydroxyacetone is identical with the hexosc i)hos- 
phate obtained by Harden and Young from the fermentable hexoses. 
It is probal)le, therefore, that dihydroxyacetone is fermented only after 
conversion into hexose. 

Evidence is accumulating, however, that pyruvic acid, CIf;r~-C()— 
CO 2 H, is a normal intermediary in fermentation. When yeast is grown 
in sugar solutions in presence of sodium suli)hitc, considerable (luantities 
of acetaldehyde are formed. This fact is the l)asi.s of the suggestion by 
Neuberg that the sugar breaks down into two molecules of pyruvic acid 
which are rapidly converted into aldehyde l)y the yeast carboxylase. 
The aldehyde in turn acts as an acceptor of hydrogen and promotes the 
formation of pyruvic acid from sugar under the intluence of the yeast 
reductase, half the aldehyde being at once converted into alcoliol. 

It is obvious how intimately the proj)erty of undergoing fernumtat ion 
is connected with the configuration of the sugar molecule. Lengthening 
or shortening the chain of carlions is sufficient to place the sugar molecule 
out of harmony with the yeast enxymes, and thus prevent its < lest ruction 
by fermentation. The fact that triose, liexose, and nonose sugars are 
fermentable has led to the suggestion that the fermentable ('arholiydrates 
must contain a multiple of three carbon atoms; possibly threi‘ carbon 
chains are intermediate in the fermentation, but the fermentability of 
the nonosc requires confirmation. 

Although hexosc ])hos|)hatc is formed under the innuence of yeasl 
juice, living yeast cells do not ferment it, even when added coferment 
and artificial activators arc su[)plie(L Dried yeast or yeast juice <\sl(a*iries 
phosphate almost ([uantitatively in the preseiux^ of glucose, wher(‘as 
living yeast, even when toluene has been added, may (‘Slerify only some 
8%; the difference is probably a (piestion of cell |)enneal)ilil y. It is fur- 
ther of interest that some yeasts, when weakened by nitrogen starvation, 
are able to esterify phosphates in presence of friu'tose but not with glu- 
cose. This is an indication that the protoi)lasm can grij) tlu‘ k(‘tosi‘ striu*- 
ture more readily than the aldose structure and that the j)rej)aralory 
process in fermentation may lie concerned in the ('onveu'sion of aldose 
into ketose, or far more probably into a common enolit' or oxide form, 
which is more easily formed from fructose than from glui'ose. 

In this connection it is common knowledge llnil fruclost! is usually 
more easily or better utilized in the animal liody than gliu'ose, as, for 
example, under diabetic conditions. 



USE OF SUGARS IN METABOLISM 


137 


Lactic acid may be an intermediate in the formation of ethyl alcohol 
and CO2 from glucose. Yeast juice incubated with glucose contains 
small quantities (.2%) of lactic acid. Increasing the rate of fermentation 
by a strong zymase preparation increases the amount of lactic acid. The 
addition of glucose or lactic acid favors the decomposition of the lactic 
acid. Two enzymes play a part in the reaction, one prpducing the inter- 
change of position which leads to the formation of lactic acid, the other 
effecting the decomposition of lactic acid into ethyl alcohol and CO2. 
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Glucose and fructose probably play different parts in metabolism. 
Glucose is mainly concerned in respiration; fructose appears to take part 
in the elaboration of tissue compounds since it is far less stable than glu- 
cose. Yeast and molds for equal weights of sugar consumed show greater 
growth on fructose. They respire glucose preferentially from invert sugar. 
Fructose may yield residues of varying chain length for the synthesis 
of the great variety of compounds found in protoplasm. The structural 
parts of plants also contain galactose anhydrides, and glucose anhydrides 
are the principal energy-storage forms. 
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CERTAIN SUBSTANCES DERIVED I'ROM SIJCARS 

I. Synthesis of Higher Sugars and Related Alcohols 

The cyanohydrin synthesis of sugars is of interest to the i)hysii)logist 
as well as to the organic chemist, on account of its ix)ssil)k! ijiological 
connections. This method is used for the synthesis of sugars of a greater 
number of carbon atoms from sugars alreacly prepared. 'I'hcre is a con- 
densation of the hydrocyanic acid with the aldehyde group of the sugar 
to form the cyanohydrin. On hydrolysis the cyanohydrin then yields an 
hydroxy acid and ammonia as follows: 

CH2OH (CHOH ) 4CHO + HCN-^CHjOH (CHOH) 4C OH-> 

^C=N 

CH20H(CH0H)4C OH -I-NH3 

^C=0 

I 

OH 

There has been formed by this process an organic acid containing one 
more carbon atom than the sugar from which it was made. On reduction 
to the aldehyde, this acid will yield a sugar of a corrcsjjondingly increased 
number of carbon atoms. 

Hydrocyanic acid occurs in plants and it is freciuently found in 
glucosides. Possibly reactions of this nature arc concerned in the synthe- 
sis of heptoses or even more commonly occurring sugars. I''rom these 
higher sugars there may be derived various higher alcohols occurring in 
plants. 

Several carbohydrate alcohols occur widely distributed in [rlants, 
Erythritol is found in many mosses and algxu Adonitol is found in Adonis 
vcrnalis. D-mannitol is found in manna, the sap of larch, and in many 
fungi. It is probably derived from trehalose by bacterial action. It forms 
mannitol, an incrustation over the thallus of Laminaria. D-sorhitol is 
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present in the fruits of most of the Rosacea and also in the leaves. It 
forms a crystalline inflorescence on the stipes of Boletus hovinus. L-iditol 
is present in mountain-ash berries. L-dulcitol occurs particularly among 
the SCROPHULARIACEJE. 

The seven-carbon alcohol perseitol occurs in Persea gratissima, the 
avocado ; and volemitol is found in Lactarius wlemus and in the rhizomes 
of numerous species of Primula, An octitol is found in some Rosace^e. 
All these alcohols may be produced by reduction of the corresponding 
aldose sugars, yet in plants the corresponding sugars are not very abun- 
dant. A heptose, mannoketoheptose, occurs in the avocado-pear {Persea 
gratissima), Sedoheptose occurs in Sedum spectabile. It is not fermentable.’ 

The sugar apiose has the unusual formula: 

CH2OH 

CH2OH 

It occurs in apiin, a glucoside found in a number of plants of the family 
Umbelliferze. Isovaleric acid may be produced from this sugar, and 
there is probably a relation between the presence of this sugar and the 
isovaleric acid found in some of the Umbellifer^. 

II. Aminohexoses 

D-glucosamine is found in chitin in the walls of fungi. It is present 
in Boletus edulis and Lycoperdum gematum, as well as in the shells of 
crustaceans and insects. 

I 0 1 

CH2OH— CHOH— CH—CHOH— CHNH2— CHOH 

glucosamine 

This substance is intermediate in composition between the amino acids 
and the carbohydrates. It may be of some importance in metabolic 
reactions but usually is found only as its anhydride, chitin, an unreactive 
substance of the fungus wall. 

Phosphoric acid esters of carbohydrates are important in the structure 
of the nucleic acids. Inosinic acid on hydrolysis yields a purine base and 
d-ribose phosphoric acid. Yeast nucleic acid contains d-ribose phosphoric 
acid. 

Plant nucleic acids are built up on the following scheme: 
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The phosphoric esters arc important ('onstituenls of the niu'Ieus. All 
the plant nucleic acids arc identical as far as known. I'lu' uracil pjroup 
is found only in i)Iants, I)eing rej)laced in animals by thymine. dTe 
nucleic acids undoubtedly play an imj)ortant j)art in tlu* assimilation of 
nitrogen, in the synthesis of |)rotein, in cell growth, and in respiration. 

Inositol (C6 Hi 20(5, a cyclic compound) occurs in the LilOuminos/K, in 
leaves of asparagus, oak, ash, and cercus, and in oily seeds svu'h as wal- 
nuts. It is found also in mistletoe, in all parts of the grapevine, and in 
many fungi. Phytin, the ester with phosphoric' ac'id, is found in many 
seeds. These ring compounds may l)e |)rodiu'ed by the union of the end 
carbons of the carl )oh yd rate chain. 
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CHAPTER VIII 


GLUCOSIDES 


Both animals and plants have the property of removing injurious 
substances by combining them with glucose to form glucosides. Thus, 
when camphor is taken into the animal circulation, it is combined with 
glucose to form a glucoside. The glucose molecule in such combinations 
can still be oxidized at the alcohol end to form glucuronic acid, in which 
form the combination is removed by excretion from the kidney in ani- 
mals. A great many substances, including phenols and constituents of 
volatile oils, are thus paired with glucuronic acid and excreted by animals. 
Possibly the glucosides of plants are formed in a similar manner, and 
their formation may be for a similar purpose. 

The glucosides are ether-like compounds of carbohydrates with other 
bodies or with other sugars. More strictly speaking, the term glucoside 
may be applied to such compounds formed by glucose alone, but the term 
is generally not so restricted. Upon hydrolysis, glucosides give glucose 
as one product. Disaccharides, containing glucose, in general may be 
considered glucosides, but the name is usually restricted to combinations 
of glucose and compounds other than sugars. The glucosides exist quite 
commonly in plants. As an example of the formation of a glucoside the 
following reaction may be given: 




+ 1120 


H 

/5-methyl glucoside 
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The following substances may enter into combination with glucose to 
form glucosides: 


Other sugars, example sucrose 

Phenols 

Alcohols 

Aldehydes 

Acids 

Oxycumarin derivatives 


Oxanthraquinone 
Oxyllavone derivatives 
Indoxyl 
Mustard oils 

Various other compounds 
Saponins, digitonins, etc. 


The amount of glucoside present varies consi(lcral)ly in different 
species of the same genus and varies at different seasons of the year, dlie 
glucosidal content differs in the male and female plants of the same 
species. Jowett and Potter in thirty-three samjdes of l)ark of willow and 
poplar found a considerable variation in the amount of salicin. In A|)ril 
the bark of the female tree contained three times as miudi as the male. 
Three months later the condition was reversed. It has been suggested 
that salicin acts as a reserve, being stored away in the winter and used 
up in the spring. Taxicatin, found in Taxm haccakiy is most al)undant 
in fall and winter, but this condition does not hold for sambunigrin, an 
isomer of manclelonitrile glucoside found in Sambiicus niger. Sambuni- 
grin remains in the leaves of the elder when they fall and docs not migrate 
to the stem as many glucosides do. Hydrocyanic acid of glucosidal origin 
is abundant in the seedling stages in many ])lants. As tlic |)lants become 
older the cyanogenetic glucosides may in some cases increase or in others 
disappear. The amount of cyanogenetic glucoside in plants sometimes 
can be controlled by the cultural methods for the crop; high nitrates 
generally favor the {)roduction of cyanogenetic glucosides. 

The cyanogenetic glucosides are common in young grass plants of 
certain species. They are frequent causes of j)oisoning in live slock. 
They are especially abundant in dry weather or if the nitrate supply of 
the seedlings is great. Gautier believed IICN arose from tlie a,t‘tion of 
formaldehyde on nitrates. Treub and others suggested tlial HC-N is a 
step in the reduction of nitrate to (NM2) the amino group, a step in j)ro- 
tein synthesis; but this is not fully eslal)lishe(l. The hemolytic action of 
glucosides depends upon their ability to unite with clioleslerol. 'Fhey 
have the same power to unite with the phytosterol of })lants. 

A very common glucoside is amygdalin. It is found in l)itter almonds, 
in peach seeds, raisin seeds, lemon peel, etc. 


maltase 

CsoHajOiiN +2H20 ->ChH,7N0„ +C„H, A 

amyKtlalin mtinddo-' Klucoac 

nitriltr 
glucoside 
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emulsin 

Ci4Hi7N06^C7Hi66 +HCN +C 6 H 12 O 6 

mandelo- benzal- glucose 

nitrile dehyde 

glucoside 

The hydrolysis of amygdalin is carried on by emulsin. The glucosides 
and their hydrolytic enzymes usually are found in separate cells in the 



Fig. 29.— Graph showing the relation between the time in days and the angle of rotation in degrees 
as a measure of the hydrolysis or synthesis of / 3 -glycerin glucoside by emulsin. Both mixtures contained 
equivalent quantities of glycerin, glucose, and water in the lower curve, and of glucoside in the upper 
curve, taken with the same quantity of emulsin. (After Bayliss.) 

living plant and mix only on crushing the cells. Emulsin has both syn- 
thetic and analytic action, as shown in Fig. 29. 

Another type of glucosides, the mustard oil glucosides, contain sul- 
phur. The sinigrin of mustard seeds is an example of this type. On 
hydrolysis, sinigrin decomposes as follows: 

C10H18O10NKS2 +H20->KHS04 +C3H5CNS +C6H12O6 

sinigrin mustard oil 

CH2;CHCH2NCS 

allyl isothiocyanate 

The hydrolytic enzyme acting upon sinigrin is not emulsin but myr- 
osin. The enzymes and glucosides are brought together upon injury of 
the cells, as by crushing. It may be noticed that the strong flavor of the 
onion may be accentuated after crushing. But on long standing the 
crushed tissue loses its flavor. 

There is another class of glucosides of importance for plants, the 
chromogen-producing glucosides of which indican is an example. A dye, 
indigo, is formed from indican by hydrolysis and oxidation. 




144 


PLANT PHYSIOLOOICAl. C'MKMISTRY 


CuH„0»N +()«! IjOU 

indicun induxyl a chroinoKea 

2C8H7OH -I-O2 2H2 O +Ci(5Hi()()2N2 

indoxyl indigolin, nr iniligo blue 

Dipsacan, contained in all [dants of the family Dipsacach/K, is an- 
other example of the glucosides which i)ro{lucc cliromogens on hydrolysis. 
Dipsacan occurs abundantly in Ikipima linciorla, commonly called wild 
indigo. 

According to Palladin the chromogcn-producing glucosides are al- 
most universally distributed. Pie considered them to be of great l)i()logical 
importance because they are connected with the activity of tlie |)lant in 
respiration. They probably function as oxygen carriers in oxidat ive proc- 
esses. The anthocyanins arc related to the glucosides and may have 
similar functions. Anthocyanin formation depends upon the i)resence 
of glucose. Generally they are found more abundantly under conditions 
which produce high concentrations of glucose in the cells, such as low 
temperature exposure, etc. 

There are many other glucosides in plants of which a few may I)c 
mentioned. Arl)utin, found in Arbutus sp.^ is hydrolyzed 1)y emulsin or 
mineral acids, giving glucose and hydro([uinone. 


C 12 H 10 O 7 +H20->C«IIi2 -I-CT1,)02 

hydroiluilioiic 

Salicin is found in the bark of willow {Salix sp.), Mnuilsin or mineral 
acids cause its hydrolysis to saligenol and glucose. 


CuH lA + 11 ./ AC7I Ih( )2 I ( I !•>( )n 

salicin saligcnin or -ol 

OH 

Saligenol upon oxidation gives salicylic acid All of 

"^^COOH 

these substances may be demonstrated in the willow. 

The function of glucosides in |)lanls is an open ((ucstion. However, 
they are to be considered as reserve foods since they (ontuin gliu'ose. 
They may be harmless comi)()iinds formed as in tlie animal body from 
by-products of reactions which might be injurious otlierwisc. 'They may 
also serve as a protection to the organisms. They are hydrolyzed upon 
the death of the cells or upon treating the tissue with ethylene and similar 
compounds. The products of the hydrolysis of glucosides may serve as 
antiseptics upon the injury of an organ. In the bark of trees these anti- 
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septics may tend to prevent the growth of parasites. Amygdalin yields 
benzaldehyde, arbutin yields hydroquinone, and these substances inhibit 
the growth of many fungi. 

The saponins are a class of substances related to the glucosides. They 
are rather widespread in plants. In general they are quite toxic to ani- 
mals, and they are found in great quantity in some plants. Yucca rhi- 
zomes contain as much as 20% saponin. Such poisonous substances 
protect the plants from being eaten by animals. Solanin, a glucoside 
found in the family Solanaceje, has been reported to be of importance 
in the immunity of potatoes to dry-rot. Onion smut resistance has been 
correlated with the presence of glucosides in certain varieties. 

The glucosides may have a regulatory function in metabolism. Pos- 
sibly the formation or decomposition of glucosides may regulate the rate 
of respiration by removing oxygen carriers from activity or by increasing 
the quantity of oxygen carriers. Several glucosides are definitely known 
to be of importance in respiration since they yield oxygen acceptors such 
as hydroquinone. 

The fructosides are very easily hydrolyzed in comparison with gluco- 
sides; this may account for the fructosides not being of as common occur- 
rence in plants as the glucosides. 
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DISACCHARIDES, TRISACCHARIDES, AND 
TETRASACCHARIDES 

I. Disaccharides 

The disaccharides are of two types, reducing and non-reducing. The 
reducing disaccharides contain free carlionyl groups. The carl)onyl 
groups of the non-reducing disaccharides arc bound. 

The common disaccharides and their composition are as follows: 



Maltose 

Reducing 

d-glucosc 

+ 

(I -glucose 


Lactose 


4" 

d-galactose 


Melibiose 

)> 

+ 

d-galactose 


' Turanose 



(i-fructosc 

Formed by 





hydrolysis ^ 

Gentiobiose 

3) 


d-glucose 

of tri- 





saccharides 

Ccllobiosc 

33 

+ 

d-glucose 


Sucrose 

N on^rcducing 

d- fructose 

+ 

d-glucose 


Trehalose 

(1 -gill cose 

-h 

d-glucose 


There is some interest in knowing that pentose and hexose sugars exist 
together as disaccharidcs, since this gives evidence for the origin of 
pentose sugars from dihexoses with suhsefjuent hydrolysis or from |)oly- 
hexoses. Pentoses and hexoses exist in c{)ml)inati()n also in i)olysat:cha- 
rides and in some glucosidcs. 

We know of no really characteristic derivatives of the non-reducing 
disaccharides by which we may isolate and identify them. Therefore the 
study of the synthesis of disaccharides in plants is rather dilBcuU. 

I. MAi/rosic 

Maltose is found in plants in very small amounts. It yields only 
d-glucose on hydrolysis by maltase or l)y mineral acids. Although it was 
at one time generally stated that maltase did not usually ocx'ur in [)lants, 
W. A. Davis gives strong reasons for supposing that it is always present 
at least where starch degradation occurs Maltase is endocellular in 
origin, and it is readily destroyed by temperatures above 50®. It has low 
solubility in water and low powers of dilTusion. Daish has identified 
maltase in the crushed pulp of a number of leaves, all of which convert 
gelatinized starch into glucose. 
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Maltose can be oxidized to a monobasic acid, maltobionic acid, 
C12H22O12, which on hydrolysis splits into d-glucose and d-gluconic acid. 
This indicates that there is one free aldehyde group in the maltose mole- 
cule. Maltose then must not yield pentoses on oxidation as the other 
disaccharide sugars may do, because this oxidation would yield a con- 
figuration of the pentose not found in plants. Maltose forms an osazone 
with two, not four, molecules of phenylhydrazine; hence it has only one 
carbonyl group of the two glucose molecules uncombined. The union of 
glucose in maltose involves only one carbonyl oxygen. Such a linkage is 
called a monocarbonyl bond. Maltose is not a storage form because it does 
contain a reactive carbonyl group. 

2. SUCROSE 

Sucrose, or cane-sugar, is commercially the most important of the 
sugars. It is widely distributed in the plant kingdom. It functions 
chiefly as a reserve food, since it has no reactive carbonyl group. It is 
very soluble in water. Sucrose crystallizes out from solution with ease 
in comparison with the monosaccharides. Doubtless this is due to the 
fact that there is no mixture of isomerides present when the disaccharide 
is in solution in water. 

Sucrose does not reduce Fehling’s solution; hence it has no free car- 
bonyl group. Such a junction is called a dicarbonyl bond. 

CeHnOs <0> C 6 H „05 

d-glucose d -fructose 

Sucrose does not exhibit multirotation. The union of the glucose and 
fructose in sucrose may be represented by the following formulae: 

CH2OH f CH2OH 

1 I 

CHOH < H— COH 

I I 

H— C 1 5 CHOH 



H 

d-glucose 


$ucrose 


d-fructose 
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Sucrose lacks both aldehyde and ketone characteristics. It forms no 
compounds with phenylhydrazine, and it is stal)le towar<I alkalies. It con- 
tains eight hydroxyl groups, which is proven by the formation of an octa- 
acetate and octa-methyl derivative. 

3. HYDROLYSIS OF SUCROSE 

Sucrose can be hydrolyzed by mineral acids to gliu'ost^ and fructose. 
It can be split by invertase or sucrase, an enzyme of wide ot'currence. 
Fig. 30 shows the relation of the acidity of the medium to the activity 
of invertase. 

In the cell the inversion of sucrose is accomplished not so much by 
as by the action of sucrase. Nevertheless, the cell sap acidity is 
important l)ecause the activity of sucrase itself is ([uite markedly affected 

l)y the IP t'oiu'ent ration 
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Intcfitina) 

iuvertiMO 


Fenicillium 

invertaa© 


Voa«t 

invertOBO 


Influence of rendion upon flu* nctiviiics of (I»ree 
typical invcrtascs. (After Kiilcr cl al.) 


of the medium within tlic 
range of acidities found in 
pluni tissues. In the plant, 
then, where sucrase is |)res- 
ent, the rale of siK'rosc 
cleavage or inversion is not 
the direct proportionality 
shown in solutions of IP 
and sucros(‘ only. I n 1 lie re- 
gion from pi I 3 to pi I 4 
the rate of hydrolysis will 
be very remarkably af- 
fe(‘l(Ml l)v the acidity, while 
in tlu* range from pi I 4 to 
pH 6 the rate will not be .so greatly affected by chang(‘ ia avidity because t lie 
curve (Fig. 30) in this range is rather Hal, that is, th(‘ ellVct of II < on the 
activity of the sucrase (inverta.se) is not so remarkable as in tlu* range 
pH 3- 4. On the alkaline side of neutrality (here is a. rtmiarkabh* (‘I'ftH t of 
the H+ concentration on the activity of sucrase, yi't tlu‘ cliang(‘ in I P con- 
centration itself is not such as to be of much importance in alTeding tlie 
inversion. 

Sucrose is not directly fermentable; it is first hydrol\'z(‘d and tlien the 
glucose and fructose can be fermented. \ easts that do not contain in- 
vertasc cannot ferment sucrose, for e.xample, Sii(’('/ian)ni\u'S(' (Wlos porus 
does not attack it. 

4. TREHALOSE 

Trehalose occurs widely distriliuted in fungi. It is comiiosed of 
two glucose molecules fused in such a way that both reac'live aide- 
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hyde groups have disappeared. The linkage may be represented as 
follows: 

I 0 1 

CH2OH— CHOH— CH~-CHOH~CHOH~CH 


CHsOH-^CHOH— CH-CHOH— CHOH— CH 

I O 1 

This structure of trehalose is indicated by the fact that it does not reduce 
Fehling’s solution or form osazones, or show mutarotation. Trehalose is 
not affected by enzymes such as maltase, invertase, emulsin, or diastase, 
but has its specific hydrolytic enzyme, trehalase. Trehalase is found in 
certain fungi and many species of yeasts. It may be conveniently obtained 
from Aspergillus niger. 

Trehalose is hydrolyzed with difficulty by acids, differing from su- 
crose markedly in this regard. Apparently trehalose replaces sucrose in 
those plants, the fungi, which contain no chlorophyl and which do not 
manufacture starch. The storage of trehalose in fungi is at a maximum 
just before spore formation. When the fungi are picked, trehalose is 
first hydolyzed and then the glucose is rapidly changed to mannitol. 

5. LACTOSE 

Lactose is of interest mainly as a substrate for the growth of fungi 
and bacteria. Lactose shows mutarotation. It reduces Fehling’s solution 
and forms an osazone. It exists in isomeric forms in solution in water. 
The experimental evidence shows the potential aldehyde group to be in 
the glucose part of the molecule. Lactose is hydrolyzed by its specific 
enzyme, lactase. Lactase is found in a few yeasts and in the crude emul- 
sin extracted from almonds. Lactose is particularly likely to undergo 
hydrolysis with subsequent formation of lactic acid by fermentation, as 
by Bacillus lactis, 

II. Trisaccharides 

Raffinose is the best known trisaccharide. It is often found in con- 
siderable abundance in the sugar-beet, and also is present in other plants. 
By strong mineral acids it is hydrolyzed completely to glucose, fructose, 
and galactose. By dilute acids melibiose and fructose are formed. By 
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invertase it is hydrolyzed to melibiose and fructose. J'imulsin hydrolyzes 
it to sucrose and galactose. This series of actions gives an excellent insight 
into the points of action of those substances and the type of linkage upon 
which they act. Bottom yeasts arc able to hydrolyze raffinose completely, 
for they contain invertase and melibiase, the enzyme which hydrolyzes 
melibiose. 

Raffinose has no direct reducing power. It behaves chemically mijch 
like cane-sugar. It may be represented by the following formula: 

C6Ho06-0-C«H.„04— 0— C8Hn06 

fructose glucose ^ , galactose 

sucrose melibiose 

All of the linkages in raffinose are dicarbonyl linkages leaving no free 
carbonyl groups. 

Melezitose is made up of d-glucose and d-fructose. It is not a reducing 
sugar, hence has no free carbonyl groups. It is found in the western larch 
(Larix) and in manna (Fraxinus sp.). On hydrolysis mele/Jtose yields 
glucose and turanose. Turanose yields glucose and fructose on hydrolysis. 

Centianose yields fructose and two molecules of d-glucose. It is a 
non-reducing sugar. Gentianose yields fructose and gentiobiosc l)y dilute 
acid hydrolysis. Aspergillus hydrolyzes it into glucose and sucrose. 

III. Tetrasaccarides C24H42O21 

Stachyose is a tetrasaccharide. It may be obtained from tul)ers of 
Stachys tuberifera. When boiled with dilute mineral acids it gives d-glu- 
cose, d-fructose, and two molecules of d-galactose. 

Lupeose^ a telrasaccaride commonly f)repared from Liipinus lukuSj is 
quite widely distributed in legume seeds. 
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POLYSACCHARIDES 

The polysaccharides are characterized as carbohydrates of high molec- 
ular weight. They are mostly amorphous substances insoluble or slightly 
soluble in water. Like the disaccharides and trisaccharides they break 
up on hydrolysis into sugars of 5 and 6 carbon atoms; therefore, they 
may be considered anhydrides of these sugars. In the absence of ex- 
act knowledge as to the molecular weights, their formulae are written 
(CeHioOs)!! or (C6H804)n, depending upon the constituent hexose or 
pentose sugars which they yield. They owe their importance to the fact 
that they include both storage material and structural materials of the 
plant. They make up the principal plant framework. They are present 
usually in admixtures, and their separation and purification in the natural 
condition is difficult. 

I. Classification of Polysaccharides 

1. Hexosans. 

a. Dextrosans. 

Dextrins. 

Starches. 

Normal celluloses. 

Lichenin. 

Dextran. 

Glycogen. 

b. Levulosans — inulin. 

c. Mannosans — mannan. 

d. Galactosans — galactan. 

2. Pentosans. 

a. Xylan. 

b. Araban. 

3. Gums, mucilages, and pectic substances. 

II. Starch 

Starch is one of the most widely distributed substances in the plant 
kingdom. It is the principal storage form in seeds, fruits, tubers, roots, 
and stems. It forms 50-70% of the dry weight of grains and 15-30% of 
the dry weight of potatoes. The starch content of leaves fluctuates with 
day and night. Starch is stored temporarily in leaves during the day, 
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then reconverted to glucose at night and translocated to other |)arts of 
the plant. Translocation during the day occurs normally, l)ut the rate 
of synthesis in sunlight is more rapid than translocation. Wlien contin- 
ually illuminated by artificial light, starch comes to rei)resent or more 
of the dry weight of some leaves, and finally a concentration is reached 
at which transformation and removal ecfuals the rate of syntliesis. Tliere 
is then no periodic daily fluctuation of starch content, but each form of 
carbohydrate appears at an equilibrium concentration. 

Starch grains show specific variation in sluipe and size. They are 
used as a means of detecting the adulteration of foods and drugs. Rei(‘hert 
determined the specific differences of starches in form and in physical 
and chemical properties. 

III. Deposit of Starch 

Starch grains are deposited within the stroma of Icau'oiilasts. T.euco- 
plasts are specialized parts of the cell rich in protein and similar to cliloro- 
plasts. Leucoplasts may turn into chloroplasts on exposure to light as in 
the skin of the potato tulier. On i)hotosyntliesis starch deposits in or 
around the^oroplasts in many cases. Leucoplasts then may be regarded 
as changed chloroplasts lackiiig chlorophyl. d'he factors which determine 
the deposit of starch in leucoplasts are known incom[)le(ely, hut dejiosit 
is usually explained as resulting after some axrunuilation of soluble 
carbohydrates. Certain leucoplasts function to produce* starcli (k‘posi- 
tion before others, causing starc'h accumulation in c(‘rtain jiarts of the 
plant. We may exjilain this on the basis of a lower threshold value for 
starch deposit in these leucoj)lasts, but the reason for this is uni'Xiilained. 
Storage may occur almost anywhere in the* ])lanl. (^)ui((‘ fr(‘(iiu‘nlly 
storage is limited to a small ])art of ll\e |)lanl, as in (lu* rernoli* (‘iid of a, 
rhizome. Sometimes starch (lej)osition seems (o he* slarte'd by injury, as 
in rhizomes of Apocyniiw. Similar cause has l)e‘en slater I to ace'e)unl for 
the formation of sweet ])e)tate)cs. 

IV. Starch Deposition in the f.cucoplast 

The translocation of glue'osc anel fructe)se from photosynthesi/ing 
regions causes accumulation in the storage organ until a, thre‘sli()ld eon- 
centratiem is ()verstepi)ed. d’hen a, considerable <iiiatitity of starch is 
rapidly formed in the lcuce)plast. 'Fhis fe)rms a. mass at tlie e ente‘r of the 
starch grain different in water ce)ntent fre)m the r(*st of the* grain. On 
drying of the grain this mass breaks, pre)(liicing e-hanu’tcristie' e rae ks re- 
ferred to as the hilum. In daylight starch deposition goes on as long as 
synthesis and translocation occur. Under conditions of little synthesis 
or translocation the de|)osit has a different water content and probably 
also the molecules have time to arrange tliemselves in crystal forms. 
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During rapid deposition the starch formed within the leucoplast seems 
mostly to be amorphous and somewhat different in water content from 
the deposit at night. This causes differences in refractive index so that 
the starch grains appear banded. Each band then represents the amount 
of starch deposited during the day and night. In latitudes which differ 
in the length of day and night, one would expect to find differences in the 
starch deposits. If plants are continually illuminated the deposit is uni- 
form and the bands disappear wholly or decrease in brilliancy. Mono- 
cotyledonous plants like wheat, which operate at high soluble carbo- 
hydrate concentrations, seem less sensitive to fluctuations in the rate of 
photosynthesis than those dicotyledonous plants such as potato which 
operate at low soluble carbohydrate content. The high soluble carbo- 
hydrate content has the effect of stabilizing the rate of starch deposition 
so that the bands become indistinct. A good example of this difference 
can be seen in comparison of wheat starch with potato starch grains. 
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Structure of starch molecule (amylose). (After Irvine.) 
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HDOH 


Structure of starch (arnylopccim). (After Irvine.) 

If deposition within the leucoplast starts simultaneously at two or 
more points, a compound starch grain is formed. I'he two ])()ints of dep- 
osition may fuse on stretching of the leucoplast as is tlie case of potato 
starch grains with a double hilum. In some cases the dej)osits never fuse 
and the grain is then made up of a numl)er of i)olyhedra.l small grains, 
as in oat starch or rice starch. 

In many monocotyledonous plants starch is mostly absent; for ex- 
ample, starch is not the storage form in .SV///a mitans, Pjlcimi pratense^ 
or Allium. In these species starch may occur in stomalal guard cells and 
a few other tissues in a small amount. In some other monocotyledonous 
plants such as Musa^ starch deposition begins only when much sugar 
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has accumulated. In other monocotyledonous plants such as Lilium 
tigrinum and Trades cantia mrginica starch is regularly present. In S cilia 
nutans starch is absent, while in the closely related Scilla sibirica starch 
is present. 

V. Composition of Starch Grains 

When air dry, starch contains as much as 10-20% of water, depending 
upon the relative humidity. The greater part of this water can be re- 
moved by careful heating to 100° C. When starch is heated to about 
200° C. chemical changes occur forming a mixture of substances of the 
empirical formula CeHioOs. British gum or dextrin is formed in this 
manner. Starch grains are insoluble in cold water. When heated with 
water the starch grains swell and burst, to form an opalescent mass, 
starch paste. The consistency of the paste varies with the concentration, 
and also the kind of starch. When a heated solution of starch is filtered, 
a colloidal solution of starch is obtained, known as soluble starch. Soluble 
starch exists in some plant saps, and part of the starch grain in some 
plants may be dissolved in water. 

Starch grains contain approximately 80-85% amylose and 15-20% 
amylopectins. Soluble starch (starch granulose) produces a blue color 
with iodine. It is easily digested by malt diastase. Insoluble starch gives 
no blue color with the iodine test and is more resistant to maltase diges- 
tion. There are contained in the starch grain also paste-forming sub- 
stances which are very resistant to maltase action. 

VI. Composition of Various Starches 

All starches contain amylopectin and various amyloses in different 
proportions. The different starches may also be distinguished from one 
another by the effect of water on the amylopectin and by the solubility 
of the amyloses in hot water. The differences in these physical and chem- 
ical properties of starches is given in great detail by Reichert and by 
Tanret. 


Starch 

Amylose 

Amylopectin 

Oats 

71*5 

28.5 

Banana 

79*5 

20.5 

Wheat 

67-5 

32.5 

Maize 

70 

30 

Barley 

73 

27 

Pea 

78.5 

21 . 5 

Rye 

78.5 

21-5 

Potato 

73 

27 

Rice 

68.5 

31-5 

Apple 

76 

24 
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VIL Ideas of the Structure of the Starch Graifi 

Nageli thought that starch grains were made u|) oi prismatic micellte 
in a matrix of non-crystalline material, and that the larnelhe or rings 
were due to differences in water content. Schimper and Meyer considered 
the grain to be a sphierocrystal of a- and i 3 -amylose. Kraemcr demon- 
strated crystals and colloids both at the hilum and in alternate lamelke. 
Many others hold this same view of the structure of starch grains. 


VIII. Chemical Tests for Starch 

The principal microchemical reagent for stardi is iodine. In the 
presence of hydriodic acid, or alkaline iodides, a blue adsor|>tion com- 
pound is produced by starch. The l)lue color disappears on lieating l)ut 
returns on cooling. In alcohol or in the presence of formaldehyde the 
blue color is not produced, d'he blue color is intensified owing to swelling 
of the grains when they are treated with (hloral liydrate, alkalies, or 
boiling water. A glucoside, sai)onarine, found in the epidermis of leaves 
of 24 species in 8 families of ilowering plants and 1 species of liverwort 
gives the same color reaction with IKI that starch gives. Some starch 
grains turn red with iodine. Ihxamples of this reaction are found in the 
root cap of Allium sepa^ in the seed coats of Oryza sativa, or in Cludido- 
niimi sp. In these tissues the color difference is due to dextrin and amy- 
lodextrin. 

There has been a long controversy a,s to whether tlie slart'h iodine 
color reaction was due to chemical union or to physical adsorpl ion. Ac- 
cording to Harrison’s explanation, the color is due to a, colloidal solution 
of iodine in starch. 


IX. Soluble Starch 

On heating starch with water alone, or heating with glycerin to 
i()o°C.,oron treating with 6 parts of HCd (s{). gr. i.oO) at ordinary tem- 
perature for 6 to 8 weeks, it is converted into soluble starch or ainylodex- 
trin, Solul)lc starch is also formed as an intermediate step in tlie conver- 
sion of starch into sugar by dilute acid or diastase. 

Soluble starch may lie obtained by pouring a. 1 2% a.(iueous solution, 
prepared Ijy heating purified starch, into a large (excess of i)ure acetone 
and shaking it vigorously. A llocculent precipitate is thus formcal. 'Fhis 
is filtered and ground in a mortar with more acetone. When dried in 
vacuo, a light white powder completely soluble in cold water is produced 
which is known as soluble starch. 
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X. Action of Acids on Starch 

The digestion of starch with 12% HCl at room temperature for 24 
hours gives a soluble starch which may be precipitated from water solu- 
tion by the addition of alcohol. In solution soluble starch is strongly 
dextrorotatory(A)‘^°D -1-202°. It does not reduce Fehling’s solution. Starch 
boiled for a short time with dilute (10%) HCl gives glucose. Maltose 
is an intermediate product. Various amounts of gummy substances, 
the dextrins are formed also. 

XI. Hydrolysis of Starch 

Acids may be used in the complete hydrolysis of starch in quantitative 
determinations, but in such determinations other substances than starch 



Fig. 31. — The relationship between the activity of wheat Hour diastase and the pH of the medium. 

Temperature 27® C. Time i hr. Wheat flour 10 gms. (After Rumsey.) 

may be hydrolyzed also, which introduces a great error in estimating 
starch. It is much better to hydrolyze the starch with diastase and then 
to filter off the insoluble material before complete hydrolysis to glucose 
by dilute acids. By this method starch only is determined. 

XII. Action of Diastase on Starch 

The cleavage of starch by diastase of malt or taka-diastase is a hy- 
drolytic process. These diastase preparations should be considered as a 
group of substances rather than as single enzymes. The hydrolytic prod- 
ucts of starch are glucose and maltose. Maltose is further converted into 
glucose if maltase is also present. Taka-diastase from Aspergillus oryzcB 
contains no maltase. The diastase reaction is quite complex. It involves 
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the cleavage of starch into a series of dextrins which give different colors 
with iodine. The ultimate change may l)e re})resented as follows: 

amylases dextrinases maltase 

starch — > dextrin maltose -> glucose 

(C5Hio06)n+H20. (C5 Hi()O0)x CellriOe 

Irvine considers that the scissive products of starch are maltose 70% 
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greatly increases diastatic action, but the enzyme is rapidly inadivaied 
at temperatures a few degrees higher. (Figs. ,-^4. ) I n germinating seeds 
there is a ra|)id formation of diastase during the [)eriod of rapid diges- 
tion of the stored starch, (hdg. 35.) 

XlII. Action of Bodrria on Starch 

The action of Bacillus maccrans on starch paste gives two dextrins 
(a and b) which arc crystalline. Pringslieim and Langhatis assign the 
following formula to these substances: a ((’(d IkiOi,).! and b ( ( 'dH kiOj,),;. 
They obtained from the former a ('rystalline disaicharide (C(,H luOdlu 
and from the latter a crystalline trisaccliaride (('(,11 loOi,);}. All four of 
these sul)stances have a sweet taste. 


XI V. Scissive Products of Starch 

The term dextrin is ai)[)lied to suljstanccs whicli are polymeric with 
starch and formed from it by heating. Dextrins may oc'cur as transitory 
products in plants when starch is acted upon i)y diastase. (Certain dex- 
trins may occur in a more permanent form as storage sul)stances. The 
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sap of the epidermal cells of Arum italicum contains dextrins which turn 
reddish violet with iodine. The cell sap when evaporated gives a trans- 
parent sticky substance, colored violet with iodine solutions. Diastase 
action on starch gives a mixture of reducing sugars, 70% maltose, 30% 
glucose. When starch 
paste is left in contact 
with malt at 50° C., 
the mass rapidly liq- 
uefies and the solution 
becomes sweet owing 
to the production of 
maltose and glucose. 

The reducing power 
increases rapidly at 
first and continues to 
increase until the 
amount of maltose 
represents about 80% 
of the starch. In the 
digestion the blue- 
black coloration be- 
comes less and less marked until various shades of red are obtained; finally 

The constituents of the grains which 
are not hydrolyzed vary directly 
with the temperature, increasing 
considerably at the expense of mal- 
tose at a temperature of 60° C. 
This difficultly hydrolyzable part of 
the starch grain is composed of differ- 
ent constituents, some more readily 
converted into maltose than others. 
An almost theoretical yield of mal- 
tose can be obtained by the prolonged 
action of malt. The first stage of di- 
gestion consists in the digestion of 
amylose and requires about two 
hours for completion. In the second stage, amylopectin is hydrolyzed, 
a process which requires several days for completion. 

Amylodextrin (4 hexose groups) was named by Nageli who first ob- 
tained it in crystalline form. It is the main constituent of soluble starch. 
It is a white powder slightly soluble in cold H2O but readily soluble in 
hot water. It is strongly dextrorotatory ((a)^ = -1-196°), It does not 


the iodine gives no distinctive color. 



Fig. 34. — Influence of temperature and reac- 
tion upon the action of plant amylase. (After 
Sjoberg.) 



Fig. 33. — Relation of the temperature (° C.) to the activity of amy- 
lase. Autodigestion of wheat flour, time i hr, (After Rumsey.) 
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reduce Fehling’s solution, but yields a blue color with iodine solu- 
tion. 

Erythrodextrin is a solid which dissolves readily in water, is strongly 
dextrorotatory ((a)^ = +196°), and gives a red-brown color with iodine 
solution. 

Achroddextrin is optically active ((a)i, = + t() 2'^)- It reduces I'ehling’s 
solution, but gives no color reaction with iodine. It has a sweetish taste. 



CiG. 35. -"Course of lornialioa of dhislase in plants iPJiau-olus vulanris). 
wo cotyledons, xxx leaves. (After SjoberK.) 


These dextrins as well as maltose were isolated by Lintner and Dull from 
products of malt action on starch by a long ])rocess of fractional precipita- 
tion with alcohol. Achrotidextrin is not a single sulfslanccb 

The dextrins arc precipitated from atjueous solution by alcohol. 
Unlike starch, inulin, and glycogen, thew do not give a precipitate with 
lead acetate. I hey arc all dextrorotatory, and givat a red color or no 
color with iodine, d'hey do not rcalucc t’eliling’s solulion wlwn pure. 
They are converted into glucose on hydrolysis by mineral acids. 

XV. Starch Digestion in iierniination 

A good picture of starch digestion can be obtained during the |)roc(‘ss 
germination in cereals. In niaizc! and wheal tlie (Midosjx'rni contains 
Luge (juantities of starch stored for the nutrition of tlic canbryo. The 
layci of cells a,t the surface of the sciitcllar tissue produces diastase and 
excretes it into the end().sj)erm. ddie secretion of the enzyme by this 
tissue may be easily demonstrated. Horning and Petrie picture the 
diastase as arising from mitochondria, winch they sliow migrating in 
microscopic masses from the surface of the scuKdlar layer into the endo- 
sperm (big. 3()). I he cells next to the seutellum become depleted of 
starch coincident with the spread of the enzymes. 
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In the resting stage, the epithelial cells of the scutellum contain very 
finely, granulated and semitransparent protoplasm. At the completion 
of the rest period the caryopsis will germinate if proper conditions are 
given for it. After germination has been started, it can be observed that 
the protoplasm of the epithelial cells becomes more granular. After 24 
to 26 hours, digestion of the starch 
grains becomes evident and sugars 
appear in the cell sap. These soluble 
substances are absorbed by the scu- ^ 

tellum. Part is used for growth of the 
scutellum and part is passed on to 
the embryo. The scutellum increases 
in size and its epithelium is thrown 
into glandular folds. The epithelial 
cells elongate and become swollen at 
the external end. They may break 
apart and grow into the endosperm, 
crushing the cells which have been 
depleted of starch. The picture of the 
excretion of mitochondria, their mi- 
gration into the endosperm, and the 
digestion of starch, given by Horning 
and Petrie, is quite remarkable. A 
major difficulty is to account for the Fig. 36.— Digestion of starch in endosperm 

,1 1 n nr n adjoining the scutellum in maize. (After Horning 

passage through the cell walls of such ^ni Petrie.) 
large bodies as mitochondria or even 

of molecules as complex as enzymes have been assumed to be. It would 
be much more easy to explain the effect of the scutellum on the digestion 
of starch in the epithelium if some soluble substance of small molecular 
size and cjuite diffusible through colloids such as ethylene should be pro- 
duced by the metabolism of the scutellum and activate digestion in the 
endosperm cells. 

Many of the phenomena of enzyme actions indicate a rather high rate 
of diffusibility for enzymes into colloids, which would hardly be expected 
if complex molecules of great size were the diffusing substances. Prob- 
ably there are diastatic enzymes present in the endosperm cells them- 
selves which may be activated, for the endosperm cells themselves show 
starch digestion when the embryo is removed, although by no means as 
rapidly as when the embryo is present. 

In the process of digestion the starch grain becomes etched character- 
istically. This is evidently due to the greater digestibility of certain parts 
of the grains. The etch figures of starch grains which are prominently 
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banded, such as potato or canna starch grains, show patterns which in- 
dicate that the granular parts of the concentric layers are more easily 
digested than the other portions. 

XVL Glycogen (8-9 hexose groups) 

Glycogen is a common reserve in animals, l)ut it is restricted in its 
distribution in plants to the fungi. It is especially al)undant in Sac- 
charomyces ceremim^whert it may form as much as 30% of the dry weight. 
It is also found in Myxoniycetcs, in llagellales, and in certain alga‘, i)ar- 
ticularly the CyanopiiycK/^^. "Fhe amount of glycogen j>rcsent depends 
upon the physiological stage of development. In yeast it accumulates 
and then disappears, often rai)idly. Glycogen a|)pears in yeast cells in 
the early stages of fermentation as granules, later as small vacuoles, then 
finally in one large vacuole. Cells with large ciuantilies of glycogen sink 
in Pasteur's solution. Budding is much more active in cells which have 
much glycogen. Glycogen is u.sed up during great vegetative adivity. 
It seems to be a temporary reserve in yeast . In the spores of M near it. ap- 
pears only after they have started to grow. In this case it is evidently 
an intermediate product. Even in yeast it may be an intermediate prod- 
uct formed for storage before it is used in alcohol formation. Tliere is 
little doubt that the glycogens of plant and animal origin are identical. 

Preparation. Glycogen may lie prejxired in a fairly jiiire state from 
yeast. The yeast should be well washed, ground witli cdeari sand, and 
heated with two volumes of water, d'he lilt rate is cooled and the glycogen 
is precipitated I)y strong alcohol. It may be further |)urilied by n'precipi- 
tation from water acidified with ai'etic ac'id to remove proteins. 

Properties. Glycogen is a snow-white amorphous solid, rc'adily .soluble 
in hot water, forming an opalescent solution. It can b(‘ jirecipiiated again 
by alcohol if a small amount of salt is j)rescnt. Glycogtm solutions arc 
strongly dextrorotatory ((a),)=^ + Glycogen may be <linVrentiated 

from starch by its red-brown coloration given with iodiiu*. Glycogtui does 
not reduce Fehling’s solution. It may be liydrolyzcd by mineral acids to 
glucose. Diastase hydrolyzes it to dextrin and maltose. 

XVII. OtJicr Dexlrosans 

Another dextrosan found in fungi is lic'henin. idehenin is found in 
lichens, particularly in Iceland moss. 'Fhe lic'henin is found in the fungus 
part of the lichen, not in the algal part. It yields dextrose on hydrolysis. 

XVIII. Lcvulosans 

a. Inulin is a levoratatory polysaccharide. It occurs in solution in 
the cell sap of a number of i)lants esj)ccially among the Composxtac, for 



POLYSACCHARIDES 163 

example, in the tubers of the dahlia, in artichokes, and in the fleshy 
roots of chicory. It is found in eight other families of flowering plants, 
and also in the alga Neomeris. Inulin is a storage form for the Com- 
posite®, as starch is for some other plants. Inulin is often found present 
with starch in the monocots. Different species of the same genus of 
plants differ in their inulin content. Scilla nutans has inulin but no 
starch; Scilla siberica has both inulin and starch. 

Characters. Pure inulin forms a white starchy tasteless powder with 
granules of a sphasrocrystalline form. It swells and is readily dissolved 
in hot H2O and in alkalis. It may be recovered from aqueous solution by 
the addition of alcohol or by freezing. Unlike starch, it does not give a 
paste with H2O and does not give a blue color with iodine. Diastase has 
no effect upon it. Inulase is the enzyme concerned in its hydrolysis to 
d-levulose. Osmotic pressure measurements on inulin solutions indicate 
molecules of great weight, but the molecular structure of inulin seems 
less complex than that of starch. 

Identification. Inulin occurs as sphaerorcrystals in many plant sections 
after long treatment with strong alcohol. Sometimes it precipitates in 
the amorphous condition. In monocots this amorphous deposit often 
occurs. Inulin may be confused under the microscope with calcium phos- 
phate, but it may be differentiated from phosphates by its solubility in 
hot water. Sections of material to be examined for inulin should be soaked 
for a long time in absolute alcohol. To precipitate and identify inulin, 
a saturated solution of orcin in strong alcohol is added, then hydrochloric 
acid is added and the tissue is boiled. The inulin masses disappear and 
a red color results from the reaction with orcin. Inulin gives the Molisch 
test for carbohydrates. Iodine gives to sphaerocrystals of inulin a brown- 
ish coloration. A control reaction is necessary, for glycogen gives prac- 
tically the same coloration. Basic lead acetate gives a white precipitate 
with both inulin and glycogen. Inulin gives only fructose on hydrolysis 
with mineral acids 

Inulin-like substances occur in many monocotyledonous plants. 
Graminin occurs in grasses, for instance in Festiica and Agrostis. Irisin 
occurs in Iris pseudacorus. Phlein is the levulosan of timothy, Phleum 
pratense, and is found also in Phalaris arundinacea. Sinistrin is found in 
Scilla maritima. Triticin commonly occurs in Triticuyn repens. All of 
these levulosans have the same empirical formula (CgHioOs +H20)n. 
They are all levorotatory and give only levulose on hydrolysis. They are 
fairly soluble in cold water, and are usually hard to crystallize. They 
may bear probably the same relation to inulin that dextrins bear to 
starch. 



i 64 plant PHYSIOr.()(iICAL CIIKMISTKY 


XIX. Inter comers ion oj Carbohydrates 

The conversion of sugars into starch and vice versa are easily elTected 
in plants. Starch may appear as a irhotosynthetic product live minutes 
after the exposure of leaves to light. 'I'he reconversion of starch to glucose 
is also rapid. The conditions which determine which process, .synthetic 
or analytic, shall be most active is prohaltly determined l)y enzymes and 
the mass action of the products of photosynthesis. When the photo- 
synthetic rate is high, the piling up of soluble sugars causes the synthetic 



Fid. :,7. ' -Curves rt'itrcsenlinf? the vuritUioiis in surros(> (s) ;ui(l of f'lufot.c (r.) in onion liull). (After 

licclprc (lu Siihlon.) 

phase to be predoniinanl in Ihc leaf cells. When the solublt^ su|>;ar t'on- 
centration decreases through transport or by utili/.ation, the aniylutdastic 
enzymes elTect the digestion of starch. 

The l)alance l)etween reducing sugars, sucrose, and stare li is (‘vddently 
determined l)y the tem|)erature to which the jdant is exposed. Low tem- 
[)eratures, near the freczing-i)oint, favor the conversion of starch into 
glucose and sucrose. Thus during the autumn the sugar ('on tent of plant 
parts may be increased at the expense of stored starch. This leads to a 
greater freezing-jioint depression, and the {)lant is not so easily frozen; 
also, it may be undercooled to a greater degree than when it is in the 
summer condition. The production of two molecules of monosaccharide 
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(am) and of sugar (s) in Colchicum corm. 


from a disaccharide doubles the freezing-point depression. In onion bulb 
(Fig. 37) there is commonly such 
a transformation of sucrose into 
glucose during the colder months 
of the year. When the tem- 
perature again rises in spring 
there is a re-formation of the di- 
saccharide. In Colchicum corm 
(Fig. 38) the temperature is a 
factor of major importance in 
determining the equilibrium con- 
centrations of starch and sugar. 

Starch is converted into soluble 
sugars in autumn, and these 
reach a maximum during the 
winter. In spring, before photo- 
synthesis occurs, there is a re- 
conversion of sugar into starch. 

The starch concentration be- 
comes highest and the sugar con- 
centration nearly reaches zero during the periods of most rapid photo- 
synthesis and of highest temperature in summer. 

The conditions which determine the 
place of deposit of reserve carbohydrates 
have not been elucidated. Evidently starch 
deposit is associated with the presence of 
leucoplasts, so the presence or absence of 
these organs in the cells of certain tissues 
may determine the points of starch deposit. 
In the Brassicas, such as kohlrabi, turnips, 
Brussels sprouts, and cabbages, the place of 
deposit of reserve carbohydrates is limited 
locally. Hybrids of these species show great 
variation in the points of starch deposit. 
Evidently heredity is of importance in 
determining the localization of reserve 
deposits. 

After injury, interference with con- 
duction in the phloem leads to the deposit 
of starch above the wound. In grafts of 
potato on tomato there may be produced 
aerial tubers on the potato scion (Fig. 39). The form of deposited carbo- 



Fig. 39- — Green aerial tubercles of po- 
tato grafted on tomato. 
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hydrate, whether inulin or starch, is determined l)y the dei)()sitin^^ cells 
in the stock although photosynthesis may have occurred in a scion which 
normally deposits starch. 

The roots of trees in cold climates generally are cxpo.sed to less ex- 



differences in the balance between the forms of carl)()]iy(lrates in roots 
and limbs at various periods of the year. This may lead to di^posit or 
withdrawal of the carbohydrate reserves in dilTerenl parts of the plant. 
The reserve carbohydrates of the oak (log. 40) arc drawn from the root 
during the period of spring growth more than from the stem. During 
the summer, deposit in the root is more rapid than in the trunk. 



CHAPTER XI 


NATURAL GUMS 

The naturally existing gums were formerly thought to be carbohy- 
drates of the general formula (CeHioOs)!!. The researches of O’Sullivan 
have shown they are not simply carbohydrates but that they are of 
glucosidal nature. They give on hydrolysis sugars mixed with complex 
acids of high molecular weight. 

The natural gums are more or less transparent amorphous substances. 
Some dissolve completely in H2O. Others swell up in water to form gels. 
All of the gums are insoluble in alcohol. Alcohol precipitation may be 
used as a crude means for the estimation of gums. The gums are levorota- 
tory whereas the dextrins are dextrorotatory. Basic lead acetate precipi- 
tates them from colloidal solution, and this reagent is commonly used in 
analysis to remove gums during sugar determinations. Gums yield on 
hydrolysis chiefly galactose and pentoses such as arabinose and xylose. 
Generally gums are not very easily hydrolyzed. Eighteen to twenty-four 
hours boiling with dilute HCl is required for complete hydrolysis. Since 
the gums contain galactose, their oxidation with HNO3 gives chiefly 
mucic acid, but some saccharic and oxalic acids are also formed. Gums 
occur in nature as salts of potassium, calcium, or magnesium, combined 
with the organic acid radical. 

A crude classification of the gums is based on their solubility in water. 
They may be divided into gums such as arabin, which are completely 
soluble in water; gums which are partially soluble in water, for example 
cerasin and bassorin; and mucilages and pectic bodies that merely swell 
up in water to form a jelly. 

I. Formation and Properties of Gums 

Arabic. Gum arabic forms a colloidal solution in H2O. The nucleus 
is an acid, arabic acid of the formula C23H3SO22- Ten per cent H2SO4 
changes arabic acid to meta-arabic acid which swells up in water but does 
not dissolve. 

Tragacanth. Thus gum occurs in species of Astragalus. It is exuded 
in ribbons through cracks in the cortex. Only about 8-10% of gum traga- 
canth is soluble. This portion represents mainly salts of Ca, Mg, and K. 
Sixty to seventy per cent of gum tragacanth represents insoluble salts 
which only swell up to H2O to a gel. The soluble portion of tragacanth is 

167 
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said to contain a polyaraban trigalactan, geddie acid. (Jcddic acid is an 
isomer of arabic acid. 1’he part of the gum that is insoliiI)le in II./) is a 
combination of pentoses, tragacan those, and xylose, with bassoric acid 
(CuHsoOia). 

Gummosis, Wound gum does not swell in H 2 () as much as gum traga- 
canth. It is insolulde in dilute (io%) ir 2 S 04 and NaOH. On wounding 
trees, particularly peach or cherry trees, there are frequently i)athoIogical 
changes in the tissues which cause the {production of gum.s, Freciuently 
such gums are produced by the action of Ipacteria. In siudi ('ases t lic' gum 
may swell up and block the lumens of conducting tissues, a condition fre- 
quently found in the diseases known as wilts. Ouminosis is usually Jissoci- 
ated with the action of [pathogens in the tissue. 

11. Mucilages 

Complex carbohydrate substances that form slimy litjuids with Il'aO 
are commonly referred to as mucilages. The outside waJls of many i)laiits 
such as Spirogyra have a coating of mucilage. Mucilagt; is |)rol)a,bly pro- 
duced from the hydrolysis of wall substaiu'cs in the algie. Mucilage fre- 
quently exudes from the secreting hairs on the surfa,ce of liigher plants. 
It is found sometimes in the canals or ducts of {plant stems. I long also, 
it is ])robably {produced by the hydrolysis of ('cll walls. Some mucilages 
yield mainly mannose, for cxam{)le tuli{) mu('ilag(‘; others, siudi as tlie 
mucilage of Irish moss, Gigartina sp., yield galacto.se; but more gcMUU’ally 
the mucilages arc galaclan-araban ('omj)ounds. 

The function of nuu'ilages on ej)i(lermal suriacc's s(‘(Mns to !)(‘ to n'duce 
trans{piration, as in e{)i{)hytic {)lants such as tli(‘ on bids. 'riu‘y may favor 
water alpsoription by aerial |)a.rts. Al.so, they may n‘du( (‘ dilTusion through 
the walls, and in some cases {prevent the {pciuh ration of ions of In^avy 
metals. 

The presence of mucilage on tlu‘ surface' of k'avc's favors tlu' under- 
cooling so that they may not freeze so caisily. Mucilage's cove'ring (lie^ 
surfaces of seeds, as in tlax, enable the se'c'd to imbibe' wa.le‘r and thus hold 
a moisture su{)])ly for the germinating embryo. In certain wa,le'r plants 
the mucilages on the surfac'e of sec'ds e'e'rtainly {prevent toe) gre'at de'sici'a- 
tion of the emlpryo. In some sea^I eapats, such as the' mus(a.rd se'ed, the 
S{pecial mucilage cells are of inqportance in the imhilpition of [he nioislure 
recfuisilc for germination. 

The mucilages a{){)ear to be [produced by the {pariiid epxidatiepn of e'cll 
wall constituents either as a normal {process or under Iheavtiepn epf Ipacteria. 

Since the mucilages are usable ('arbohydrate's in many {plants, they 
must be regarded as ])ossil)le re.servc fornps, although tins fimctiepii is 
probably minor. 



CHAPTER Xn 


PECTIC SUBSTANCES 

Pectic substances are common in succulent fruits, pears, apples, 
gooseberries, currants, etc. They are found also in fleshy roots, such as 
carrots, turnips, and beets. Their chemical character is not perfectly 
known. Pectic substances on complete hydrolysis give galactose, arabin- 
ose, galacturonic acid, and other substances. According to Fremy the 
hardness of unripe fruit is due to a substance called pectose (protopectin) 
deposited in cell walls, which is ultimately converted into pectin. 

The discovery of pectin in plant juices by Braconnot in 1833 was fol- 
lowed by extensive researches upon it. The net results of the work of 
these earlier investigators were to establish that pectin bodies are carbo- 
hydrate derivatives possessing acid properties, to show the presence of 
arabinose, carboxyl, and mucic acid yielding groups in the pectin com- 
plex, and to name and describe a long list of pectin bodies. The individu- 
ality of many of these substances in different plants may well be doubted. 

According to Ehrlich, pectin is a derivative of arabino-gaJacto-tetra- 
galacturonic acid containing four COOH groups, three of which are 
esterified with CH3OH, while the fourth forms a salt with Ca or Mg in 
the plant to form insoluble materials. 

Before Ehrlich, Von Fellenberg had shown the presence of methyl 
groups in ester combination with pectic acid. Ehrlich’s important con- 
tribution was the identification of the substance to which pectin owes its 
acid properties. This substance is galacturonic acid, an isomer of glu- 
curonic acid and a half-way oxidation product between galactose and 
mucic acid, represented by the formula CeHioO? or COH.(CHOH)4. 
COOH. Ehrlich was the first investigator actually to isolate galactose 
from pectin, although its presence had been inferred previously from the 
fact that pectin yields mucic acid on oxidation. Calcium and magnesium 
were also found by Ehrlich in the pectin complex. 

Von Fellenberg regards pectin as essentially the methyl ester of 
pectic acid, since the methoxy groups are split off by saponification with 
sodium hydroxide. Not all pectins are fully methoxylated, however; part 
of the methoxyl groups may be replaced by hydrogen or metals. Other 
groups may also be substituted for methoxyl. Tutin considers that there 
is a partial replacement of the methoxyl groups by isopropenyl groups 
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in apple pectin, and Sucharipa has submitted evidence that in the “al- 
bedo,” or white inner rind of lemons, methoxyl L^roups are rei)lace(l l)y 
cellulose units. This would account for the formation of i)ectocelluloses. 

Ehrlich describes the naturally occurring i)ectin of plants as “the 
calcium-magnesium, salt of a comi)lex anhy(lro-aral)ino-gala('tose-meth- 
oxyl-tetragalacturonic acid,” l)ut regards the form of comliination as 
uncertain, except that the arabinose units in the complex are very loosely 
bound while the union of the galacto.se is unusually strong. Pectic acid 
is the product remaining after hydrolyxing out the aral)an and then 
splitting off the calcium and magnesium by treatment with dilute acids. 
The product still contains the methoxyl groups and is s|)oken of as an 
“ester acid,” but is regarded l)y Mhrlich as essentially a galacdose-gal- 
acturonic acid, that is, an C(|uimolecular union of galactose and galac- 
turonic acid, analogous to the pairecl glucuronic acids that, occur in the 
animal body. 

No serious conflict exists between the views of Von I^'cllenberg and 
Ehrlich. The “ester acid” described by I^dirlich sliows the same cliemical 
behavior as Von Fellenberg’s i)artially methoxylated ester or j)et‘lic 
acid. 

Pectin substances then may be defined as “derivatives of galacturonic 
acid.” This view is consistent with the time-honored recognition of pectin 
bodies as carbohydrates pos.sessing acid ])r()perties. Methoxyl groups 
occur in ester combination with galacturonic* acid; otluu* groups also 
enter into the |)ectin complex, l)ut their method of liidvage to th(‘ gal- 
acturonic groups is not yet known. Ac'cording to 'Futin, juaUin is the 
climethyl-isopropenyl ester of |)ectic acid. Fed in is commonly found in 
the middle lamella of the cell walls of plants. 1 1 is ext radablc* with alkalies 
and certain salts. The Ca or Mg salt of tins substanct* as it (exists in the 
plant is known as proto pcclin^ or variously namcMl pciiosc or prclifioi^r}!. 
Pectin upon the loss of the CTIaO groups goes ovcm* into pc'ctic* acid. 
Fellcnberg thinks one OCHa grouj) is lost less easily than tin* othens, and 
some preparations of pcclic acid may yr\ contain one* suc h (X'lla group. 
When pectin loses these methoxy groups, it loses its ability to gel. Frolo- 
pectin in the cell wall may l)e hydrolyxed by proloj)ectinasc‘ to j)rodiice 
pectin. 

Pectin may be hydrolyzed l)y pectase or l)y alkali with tlie formation 
of pectic acid, methyl alcohol, and acetone. On hydrolysis willi iHU'tinase, 
pectin yields the end-products arabinose, galactose^, and galacturonic 
acid. Pectase seems to act on the ester linkages while the other enzymes 
do not. 

The relationships between these enzymes and their substrates may 
be represented as follows: 
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The acidity of the medium exerts different effects upon the three 
enzymes as shown in Figs. 41 and 42. 

Of three forms of pectic substances which occur in nature, protopectin 
is found in succulent root vegetables and in unripe fruits, soluble pectin 
generally in ripe fruits, and pectic acid in certain unripe acid fruits and 
in rotten vegetable tissues generally. The real existence of protopectin 
has been questioned by Tutin, who finds that all the pectin of apples 
may be extracted by boiling with water, provided that the material is 
sufficiently finely divided to break up all protective cell walls. On the 
other hand, Sucharipa has shown that finely divided lemon ^‘albedo,’’ 
after thorough extraction of the soluble pectin, still contains other pectin 
bodies which are not soluble until after hydrolysis. They appear to be 
combined with cellulose as ‘^pectocelluloses.’’ While Tutin’s experiments 
prove that the pectin of apples is ail in the soluble form, it appears from 
Sucharipa’s work that protopectin, or the insoluble form, exists in some 
of the more permanent vegetable tissues. 

Some insight has been obtained by Von Fellenberg on the probable 
mechanism of the formation of fruit jellies. When fruit juices containing 
pectin are boiled with sugar and organic acids under proper conditions, 
a viscous solution is obtained which sets to a jelly on cooling. Prolonged 
boiling in the presence of organic acids, however, destroys the jelly-mak- 
ing power of the pectin, probably because of the formation of pectic acid. 
According to Von Fellenberg and to Sucharipa, jelly does not form when 
fully methoxylated pectin is boiled with sugar alone. If organic acids, 
such as malic or tartaric, or their calcium or magnesium salts, are added 
to the pectin-sugar solution, jelly formation usually occurs. On the other 
hand, it has been found impossible to prepare a jelly from a mixture of 
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pectic acid and sugar, either with or without acids. 'I'hese findings indi- 
cate that jelly formation is accomplished by neither fully metho.\ylaled 
pectin nor pectic acid, but by partially methoxyhiled intermediates. 

I [>-\ — I 1 I I I I produce a 
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X slant'c must l)c 
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Fig. 4i.-“RolatK>n between hydrogen ion eoneontrution and aetlvily of (tec lalcd pectius fail 

tinase and pectasc; cro.sseH show controls. (After Davison.) bcCaUSt* tludr SO" 

lutions are too fluid. Pectic acid fails liecause it. is not soluble in the 
sugar solution and therefore yields a n()n-colu‘ring suspension of gelati- 
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Fig. 42.t^Ratc of maceration of various tissues Ity | trot oj art inase at vaiimis hydrogen ion t oiKA'iilra- 
lions; dotted lines .show controls. (After Davison ) 

nous particles, distributed unevenly through the syru}), instead of a uni- 
form solid mass. 

The formation of a firm gel from pectic acid which may Ixi present in 
the middle lamella is accomplished by soaking the ti.ssu(‘ in lime or alum 
water, as in the manufacture of [lickles or watermelon pr(‘.serve. Tliere is 
an effect also of the calcium in making a firm gel of other cell-wall colloids. 




CHAPTER XIII 


CELL-WALL CONSTITUENTS 

The higher plants contain cellulose as the characteristic wall-forming 
material. When the cells are young, the cellulose seems to be almost 
free from admixture with other substances. But when the cells grow 
older, they generally show the presence of many other substances in the 
wall. Probably differences in the chemical behavior and staining reactions 
of cell walls are due to the presence of these substances other than cellu- 
lose. But it seems probable that cellulose itself should not be considered 
as a single chemical unit, but as a group of substances. It may be that 
the principal differences between the celluloses of different plants is merely 
in the degree of hydration. 

I. Cell-Wall Formation 

On the division of the cell nucleus into two daughter nuclei it may be 
observed frequently that the linin fibers that stretch between each pair 
of chromosomes after division form knots of material at the division line 
between the daughter nuclei. These swellings may be formed by the pull- 
ing together of the fibers themselves at first, but later it is evident that 
much additional material is piling up there. The division line or cell 
plate is at first made up of calcium pectate almost entirely. Later the 
deposit on each side of the pectate layer is of almost pure cellulose. The 
cause of the deposition may be difficult to find, but one should always 
remember that substances which lower the surface tension tend to accu- 
mulate at the surface, and this principle should hold for the interface 
between protoplasts. From the phenomena of wall formation in Pythium 
and in some zoospores it would seem probable that the accumulation at 
the surface is caused by physical forces, and that frequently cell walls 
are precipitation membranes, at least at the start. The banding of cell 
walls in many cases indicates a periodicity in the deposit. This banding 
is related to the growth in cotton fibers, being periodic with the day and 
night. The periodic precipitation of substances infiltrated into the original 
wall may be concerned also in this banding. The banding of the walls of 
woody fibers and sclerenchymatous cells may be due to infiltration and 
periodic precipitation of substances in the colloidal wall in the same man- 
ner as in the Leisegang periodic precipitation in other colloids. There 
seem to be differences in composition of the layers of such banded walls. 
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The question as to whether the iniiltrin^ sul)staiu'es are in coml)ination 
with the cellulose of the wall in ester linkage or whether they are merely 
adsorbed has not been settled. The cell wall contains a very great num- 
ber of substances with widely varying chemical proiierties. Many times 
the physical properties of the cell wall are determined more by the 
infiltrated substance than by the cellulose itself. The wall constituents, 
in fact, are frequently classified on the basis of the substances whicli are 
found present with the cellulose. The substances called lignoc'elluloses, 
pectocelluloses, and cutocelluloscs are so named because it is suiqiosed 
that lignin, pectin, and cutin arc combined with the cellulose in ester-like 
linkages. 

II. Cellulose 

Cellulose is found abundantly in [ilants as almost a pure substance. 
Cotton fibers contain when air dry gi% of i>ure cellulose, <S% of water, 
and 1% of impurities, comprising wa.x, oil, pcctic substances, and mineral 
matter. Pure cellulose is insoluble in all ordinary solvents. However, it 
is soluble in a solution of zinc chloride, and also in an ammoniacjd solu- 
tion of cupric oxide. From these solutions the cellulose may again be 
obtained apparently in its original form. Cellulose can be partly liydro- 
lyzedby alkalies or acids, l)ut for complete hydrolysis conctmt rated acid 
or alkali is required. If cellulose is |)arlly hydrolyzed until the fibers are 
swollen in acid or alkali and the further action stopptal, (here is produced 
a substance which gives a blue color reaction with IKI solution. This is 
the hydrocellulose reaction. Hydrocellulose or closely related substances 
are frequently found in plants. The ]>roduct of ('omplete liydrolysis is 
glucose only. Cellulo.se forms esters with organic' and inorganic ac ids. 
On account of their use in the industries, the cellulose^ <li-, tri-, tetra-, 
penta-, and hexaiiitrates are of imj)ortance, as arc‘ also tlu‘ acc‘ta,les. 
Strong oxidizing agents such as c'hromic ac'id, potassium c'hlorale in 
strong HCl, and nitric acid c'onvert c'clliilosc^ into a series of oxidation 
products known as oxyeelluloscs. 'fhe oxidation produc ts dilTcu' ac'cording 
to their method of formation. 'Fhew are chara,cteri/e(l by the fact that 
they yield a relatively large cjuantity of furfurol cm boiling with HCl, 
much as the pentosans do. Oxycelluloses seem to be present in the fillers 
of cereal straws. 

In the plant, cellulose is mainly a structural material, not entering 
into the metabolic reactions and not serving as a, reserve sul)staiK'e 
generally. Flowever, cellulose is digested in the i)rocess of vessel forma- 
tion in all vascular plants, and many fungi possess the al)ility to digest 
cellulose for their nutrition. No considerable diniculty is offered to the 
protoplast in softening or dis.solving its surrounding cellulose wall, and 
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this occurs frequently in cell fusions. Evidently a cellulose dissolving 
enzyme, cellulase, is quite commonly found in cells, and probably the 
cellulose of the wall is more drawn on as a reserve substance than has 
been stated usually in texts of plant, physiology. 

Cellulase may be prepared from certain wood-rotting fungi, such as 
Xylaria^ by water extraction. It may be precipitated by the addition of 
alcohol. The presence of cellulase in such fungi enables them to pene- 
trate the host tissue and also yields a supply of carbohydrate available 
for their metabolism. 

The size of the cellulose molecule and its structural arrangement can 
hardly be said to be determined. The empirical formula (C6Hio05)n 
expresses its composition. The value of n is claimed to be anything from 
I to 34. It is generally agreed, however, that the molecule is more com- 
plex than starch. 

CH2OH 
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CHOH 

O CHOH 
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Anhydro trisaccharide formula for cotton and flax cellulose. 

From X-ray spectrophotometric measurements of the space lattice 
of cellulose, Sponsler and Dore came to the conclusion that the glucose 
molecules composing cellulose were arranged in parallel chains which run 
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lengthwise of the cellulose ril)er in the cell wall. The unit of cellulose 
structure they consider to be two glucose molecules joined together in 
glucosidal linkage by primary valences, lliese units occupy the space of 
a parallelopiped with sides 6.1 X5.4X 10.25 Angstrom units, dlie atoms 
are so arranged in this space that a number of planes occur wliose spac- 
ings bear simi)le numerical relations to the longer dimension of tlie |)ar- 
alielopiped 10.25 A. That is, there are sets ()f planes in the spat-e lattice of 
the atoms so that the interplanar spacings are ^/ 4 y j 3 , or ^ of tlie longi- 
tudinal dimension 10.25 A; consequently there are planes with spacings 
5.15, 3.40, and 2.58 A apart. 

The units of cellulose are arranged in parallel chains running con- 
tinuously through the ramie filler. d1ie chains are spaced rectangularly 
6.1 and 5.4 A. apart. In the lateral direction the clKiins of cellulose units 
are held together by secondary valences. After metliylation cellulose 
yields on hydrolysis 2, 3, 6 trimethyl gliico.se, for only the 2, 3, 6 carbons 
have replacealilc hydroxyls. The i, 4, 5 carbon atoms must be joined 
so as to make their hydroxyls unreactive, dliere are no aldeliyde reac- 
tions shown l)y cellulose; conse((uently there are no straight chain alde- 
hyde structures in the molecule. 

The normal stable form of glucose shows an amylene o.xide ring as 
follows: 
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There is found also a / 5 -d-glucosc with the amylene oxide ring struct ure. 
In this form the OH’s on the first and .second carbon atoms are on o|)po- 
site sides of the ring. 

Cellulose is built up of two glucose units with the amylene oxide 
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ring structure, the two molecules being joined through the i-i and 4-4 
carbons as follows: 

O 



O 



c 

o 

The units are arranged with a diagonal distance of 3.98 A. between the 
spacings in the tangential position around the cylindrical wall of the cellu- 
lose fiber. In the tangential as well as in the radial direction the units 
are held together by secondary valences. In the longitudinal direction 
primary valences are involved. This idea is given support by the tensile 
strength of the fibers. Further evidence of the differences in the nature 
of the linkages in the three directions is given by the termal expansion 
data of wood. The coefficient of expansion of wood in the direction of the 
grain and of the wood fibers is only one-tenth of the coefficient of expan- 
sion in a direction at right angles to the grain. The thermal expansion 
is associated with molecular vibration, and this should be greatest where 
the freedom of movement is greatest, that is where the cellulose units 
are held together by secondary valence forces (Fig. 43). The swelling of 
wood fibers in water can be explained in a similar manner. There is no 
swelling longitudinally, but much swelling in the lateral direction of the 
wood where the molecules are held together by the secondary valences 
alone and allow easy penetration of water molecules. The water molecules 
are held by the secondary valences of the oxygen atoms arranged in the 
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lateral direction. Each oxygen may take uj) one 11 — OH. In the swollen 
fibers there is a diflerent spacing in the space lattice than in dry fibers. 
The increase in the lateral spacing due to the introduction of water 
molecules on the secondary valences of the oxygen amounts to 2% of the 
diagonal dimension. Yet there is no increase in the longitudian dimen- 
sion. 

Cellulose esters, such as the methyl esters, may lie made by the re- 
placement of the OH groups on the second, third, and sixth carbon 
atoms of the glucose unit. 'I'hc lilmous structure may still be maintained 
after esterification becau.sc all that is ncce.ssary is to oiien out tlie fibers 
radially to accommodate the replacing groups. 

In cellulose derived from wood the glucose is associated with xylose 
units. In the oxidation of cellulose to oxycellulose the primary tUcohol 



Fig. 4.1.“' TiinKfntiul stTlion through n riunic IiIkt showing tlirpc t haiif, (»f I'JtKou* uiiitH Dark liups 
mdicate nrimary valcmte bonds; broken lines indicate iirolmbte general cliret lion ol secondary valent t* 
forces. (Si)onsler.) 


group on the sixth carbon atom becomes oxidized first to (HO and tlien 
to COO,H, producing glucuronic acid, (ilucuronic acid lluai may undergo 
decarboxylation to form xylose. 'Fhe xylose so formed will liave the 
amylene oxide structure. Conseciuently, there will be no disturbance of 
the original cellulose structure in the (il)er. In some cases it seems that 
all of the glucose units in a chain will be oxidized to xylose, forming then 
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a xylan chain. We may then have xylan and cellulose units alternating. 
This oxidation seems to occur more frequently at the exposed surfaces 
of the cylindrical tube on the outside and the inside of the fiber. 


III. Lignin 

Most important of the cellulose compounds in the cell wall is ligno- 
cellulose, or lignin, which is the principal constituent of woody fibers. 
De Candolle gave this substance the name lignin (Latin lignum^ wood). 
On account of the microchemical reactions with orcin and phloroglucin 
by which it can be easily differentiated from cellulose, the distribution of 
this substance has been much studied in plants. When tissue containing 
lignin is heated with a 1% solution of phloroglucinol in alcoholic solution 
and then a drop of hydrochloric acid is added, there is produced a red 
coloration. Some tissues possess compounds which may yield phloroglu- 
cinol, and for the production of the reaction in these tissues the addition 
of hot HCl is all that is required. Spruce wood consists of about 50% 
pure cellulose, 16% other carbohydrates, 30% lignocellulose (lignin), 
and 4% of other substances. 

Lignin has generally been considered to consist of two major group- 
ings, an aromatic nucleus of great complexity joined to a carbohydrate 
nucleus either of cellulose or cellulose derivatives. In the manufacture 
of white paper from wood-pulp it is desirable to remove the aromatic 
constituent from the wood fibers because the tissue containing lignin 
quickly turns brown on oxidation, especially in sunlight. The lignin is 
extracted as completely as possible by digestion with “sulphite liquor’' 
which contains sodium sulphite. The composition of a lignocellulose may 
be represented as follows: a resistant cellulose-a, 65%; less resistant 
cellulose -/3 which yielded furfural, 15% (total cellulose percentage of 
dry weight, 80%); lignone, 20%. 

Based on its chemical reactions the following formula for lignone 
has been proposed: 
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’ " The percentages of the lignone fraction in various lignocelluloses 
differ as do also the other constituents of the wood libeis of various 
plants It is probably for this reason that there are various chemical and 

physical reactions shown by different wood liliers. 

Lignin apiiears to be produced liy the condensaUon of ainiferyl and 
hydroxyconiferyl alcohols which probably are produce, within he cell 
wall while it is undergoing lignilication. ('onifery alcohol may b(i_ pro- 
duced from tannic aldehyde. Through this senes of con.lensa ions, ignin 
formation seems to be bound up with a very common class of plant sub- 


stances, the tannins. 
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PART III 

FATS, LIPIDES, AND WAXES 

CHAPTER XIV 

FATS 

I. Classification of Fats 

The fatty substances of plants may be divided into three classes, the 
true fats, the phosphatides, and the waxes. These substances differ in 
their physiological properties and in their functions in the cell. 

The true fats are esters of the trihydroxy alcohol glycerin with various 
fatty acids. The phosphatides are esters of glycerin with fatty acids 
much the same as the true fats, but they have one fatty acid replaced 
by phosphoric acid and to this is joined a base which may be either choline 
or amino-ethyl alcohol. The waxes are esters of monohydroxy alcohols. 

Those fats which serve principally as storage forms for energy are to 
be considered as nutrient lipoids. The storage fats are mainly glycerides 
of fatty acids formed in situ in the cell from carbohydrates or protein. 
They are not soluble in the vacuolar sap, and consequently cannot be 
translocated as fat but must first undergo hydrolysis to glycerin, which 
is quite diffusible, and fatty acids, which are somewhat diffusible. The 
fatty acids probably undergo further cleavage before undergoing translo- 
cation to great distances. 

The fats may accumulate in quantity in globules, making up a third 
or rnore of the dry weight of fatty seeds. They may also appear in a finely 
colloidal condition in the protoplasmic emulsion, so finely dispersed that 
they cannot be separated from other constituents by centrifugation. In 
this condition they cause the protoplasm to be deeply stained black by 
osmic acid, which is a common microchemical reagent for fats. When 
in the form of globules, the fats can be stained by Sudan III or Scharlach 
R, and their location in the cell can be determined by these stains. The 
state of division of the fat is of much importance in determining its 
usability in metabolic processes since the globules themselves form a 
different phase from the cell sap. 

The fats of plants differ greatly in the fatty acids which are combined 
with glycerin. The fatty acids commonly found belong to seven series, 
classified on the basis of the unsaturated bonds in the carbon chain. 
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The fully saturated or acetic acid series consists of acids of the general 
formula CnH2n02. The oleic acid series consists of acids with the general 
formula CnH2n-202, and which contain one double bond in the carbon 
chain. The members of the linoleic series have the formula CnH2n~402, 
the linolenic series C„H2n-602, the clupandonic series CnH2n-802. Acids 
of the last series occur in animals but are not of common occurrence 
in plants. There is a series of fatty acids occurring in plants which is 
unsaturated and partly oxidized, the ricinoleic acid series CnH2n~203. 
The unsaturated oxyacids of the ricinoleic acid series have the general 
formula CnH2n-203. The most common member of this series is ricin- 
oleic acid, the 1 8-carbon acid of castor-beans, whose formula is probably 
as follows: CH3--(CH2)5-CHOH^CH2~CH =CH~-(CH2)7-COOH. 
There are several isomerides of this acid. All of the known members of 
this series have i8 carbon chains. The carbon chain of fats is almost 
always unbranched. This may be taken as indicating an origin from 
stright chain compounds, or from short chain units which combine to 
form straight chains. 

In all of these series of saturated or unsaturated acids the carbon 
chain nearly always contains an even number of carbon atoms, that is, 
the value of n is nearly always even. Acids containing an odd number of 
carbon atoms are found in plants, but they do not exist commonly as fats 
but are found usually as esters of monohydric alcohols. Plants seem 
commonly to synthesize fats from acids only with an even number of 
carbon atoms in the chain. This indicates that the C atoms are intro- 
duced into the chain in pairs or in even numbered multiples. Fatty acids 
with uneven numbers of carbon atoms in the chain have been synthe- 
sized artificially. 

Tiglic acid, C5H8O2, in the oil of Croton tigliim, is an exception to the 
usual configuration of the fatty acids since in addition to having an odd 
number of carbons it also has a branched chain. This is, however, an 
acid of low molecular weight. There are no exceptions when only acids 
of high molecular weight are considered. 

There seems to be a preference for the synthesis in plants of 18 carbon 
chain acids, especially in the oleic, linoleic, linolenic, and ricinoleic series. 
The C18 acids in all of these series are by far the most abundant, but 
saturated fatty acids of shorter chain length are found in plants. In 
the saturated series the Cis chain, stearic acid, is abundant. 

The fatty acids combined with glycerin in the molecule of fat may be 
all of one kind, or two of one kind and one of another, or all of different 
kinds; however, there seems to be a preference for forming fats with all 
the hydroxyl groups of the glycerin combined with a single kind of acid 
to form such compounds as glyceryl tripalmitate or glyceryl trioleate. 
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Where a number of fatty acids are found in a tissue it is probably more 
proper to consider them as constituents of mixed fats rather than as being 
fatty acids mixed in the molecule, unless it is proven that there are dif- 
ferent fatty acids in the molecule. This mixing of the acids which are 
esterified with a single glyceryl radical has been shown to be true, how- 
ever, in a number of cases. The members of the fatty acids of the satu- 
rated series which occur in plants are as follows: 

H COOH or CH2O2 formic acid 

CH3COOH or C2H4O2 acetic acid 

C3H7COOH or C4H8O2 butyric acid 

CH3(CH2)4C00H or C6H12O2 caproic acid — found in cocoanut and 

palm-nut oils, also in butter 
CH3(CH2)6C00H or C8H1GO2 caprylic acid 

CH3(CH2)8C00H or C10H20O2 capric acid 

CH3(CH2)ioCOOH orCi2H2402 lauric acid — ^laurel oil 
CH3(CH2 )i 2COOH or C14H28O2 myristic acid — nutmeg butter 

CH3(CH2)i 4COOH or C16H32O2 palmitic acid — most plant fats 

CH3(CH2)i 6COOH or C18H36O2 stearic acid — most plant fats 

CH3(CH2)i 8COOH or C20H40O2 arachidic acid — peanut oil 
CH3(CH2)2oCOOH or C22H44O2 behenic acid — oil of benne 

CH3(CH2)22C00H or C24H48O2 lignoceric acid — peanut oil 

Acids of this series with ten carbon atoms or less form glyceryl esters 
which are fluid at 30° C. The consistency of the fats becomes harder on 
going to longer carbon chains. The stearates are quite hard at room tem- 
peratures. The carbon chains contain no asymmetrical carbon atoms so 
there are no optical isomers and the pure fats do not show^ a rotation of 
the plane of polarized light. In those fats with acids of this series which 
do rotate the plane of polarized light, the rotation is probably due to the 
admixture of lecithin, phytosterol, or other optically active substances, 

C16H30O2 hypogaeic acid from peanut oil {Arachis hypogm) 

C18H34O2 oleic acid from olive-oil {Olea eiiropcea) 

C22H42O2 erucic acid from mustard-seed oil {Brass ica and S inapis 
sp.) 

C22H42O2 brassidic acid from mustard-seed oil 

Oleic acid is by far the most abundant of the members of this series. 

All acids of this series have one double bond or two unsaturated carbon 
atoms in the carbon chain. The position of this double bond in the chain 
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may be various, so that the structural isomers may have different prop- 
erties owing to the differences in position of the double bond. 

For instance, three acids are known as follows: 

1. CH2=CH— CH2— CH2— COOH 

2. CH3— CH=CH~-CH2-"C00H 

3. CHs— CH2--CH-CH— COOH 

When boiled with alkali a shifting in position of the double bond may 
occur, and this may also be brought about in the organism. The double 
bond makes possible cis- and trans-isomers, with arrangements as shown 
in the formula, of which a number of cases occur, as in hypogaeic acid 
and gaidic acid C16H30O2; erucic and brassidic acids C22H42O2. The ar- 
rangements of the groups in the cis-trans isomers are as follows: 

R2— C~H R2— C— H 

II 2,nd II 

Ri C— H H C-^Ri 

When such groupings are split at the double bond, they yield identical 
substances. 

In oleic acid the double bond is probably in the exact middle of the 
chain. A migration in position to between the a and ^ carbons may occur 
on treatment with alkali. Oleic acid gives stearic acid on reduction, by 
taking up two hydrogens at the double bond. An oleic acid with the 
double bond between the sixth and seventh carbon atoms from the un- 
oxidized end has been shown to occur in plants. Erucic acid has the double 
bond between the eleventh and twelfth carbon atoms from the unoxidized 
end. Brassidic acid is the cis-trans isomeride of erucic acid. 

On reduction in the presence of nickel salts, two hydrogens may be 
introduced at the double bond in all acids of the oleic series, thus pro- 
ducing a saturated acid. This process is used commercially in producing 
solid fats from cotton-seed oil and other oils, for use in cookery. 

The larger the number of unsaturated bonds that occur in a fat, the 
more easily it is oxidized and the more unstable it is. There seems to‘ be 
some conversion in plants of saturated acids to unsaturated acids for 
rapid metabolism. The saturated acids are to be regarded as storage 
forms while the unsaturated acids are more easily metabolized. 

Oxygen may be added to unsaturated fatty acids to form peroxide- 
like structures. Either one or two atoms may be introduced as follows: 


H H H H 



0 0 0 
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On oxidation in the presence of water, two hydroxyl groups can be 
introduced at the double bond of acids of the oleic series. On further 
oxidation the chain usually breaks at the double bond, producing fatty 
acids of shorter carbon chains which are saturated. The length of the 
two carbon chains so produced will depend upon the position of the 
double bond. 

The acids of the linoleic series commonly found in plants all have the 
formula C18H32O2. A number of isomers of this formula are possible owing 
to differences in position of the two double bonds. In elaeostearic acid 
which occurs in Japanese wood oil it has been established that the double 
bonds are between the fifth and sixth and ninth and tenth carbon atoms. 
Owing to their unsaturation, the oils of this series are very easily oxidized, 
and form peroxide-like structures with the addition of oxygen. 

The acids of the linolenic series are very easily oxidized. Fats con- 
taining them are known to be good drying oils. The drying is due to 
oxidation, with the formation of solid waxy substances. Certain metallic 
salts such as those of zinc, copper, lead, barium, and calcium hasten the 
oxidation, and for this reason they are used as ^Mriers’^ in paints. Oxida- 
tion can be hastened also by partly oxidizing the oil, since the oxidation 
process is autocatalytic. The commercial practice is to boil the oil in 
kettles open to the air, until a mixture of partly oxidized fat is obtained 
which will dry quickly on exposure to the air in thin layers, as in painting. 

Acids of the unsaturated series seem to be more reactive than acids 
of the saturated series; they tend to form glycerides more quickly and 
are more easily oxidized or metabolized by plants than acids of the 
saturated series. 

II. Temperature Relations of Fats 

The character of the fat is largely dependent upon the nature of the 
fatty acid present in it. In the saturated fatty acid series there is a rise 
of about 20° C. in the melting-point of the acid with the addition of each 
carbon atom, owing to the increase of the molecular weight. These dif- 
ferences show up in the fats also. The melting-point is much used in 
determining the properties of fats. The melting-point of the fat deter- 
mines at what temperatures it will be in the fluid state, and this is 
of great importance in cell physiology. Fats containing fatty acids 
of the unsaturated series are fluid at lower temperatures than those con- 
taining acids of the saturated series. A good comparison can be made 
between the liquid glyceryl trioleate of olive-oil and the glyceryl 
tristearate of fats which are hard at ordinary temperatures, such as 
cacao-butter. 

Plants in their internal temperatures follow closely the temperature 
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of their surroundings; they are said to be heterothermous or poikilother- 
mous organisms. This is also true of many lower animal organisms. But, 
in contrast, the higher animals have reached their state of development 
and their ability to extend over broad latitudes largely owing to their 
maintaining a fairly constant temperature independent of the tem- 
perature of their surroundings. They may be referred to as homother- 
mous or homoiotliermous organisms; they regulate their internal tern- 
peratures. 

The condition of the fat, whether liquid or solid, is very important 
for determining its mobility in the cell and probably in determining the 
mobility of the protoplasm also, since the fats are distributed in the 
colloidal condition throughout the protoplast as well as in globules of 
microscopic size. The rate of movement of protoplasts is slowed down 
remarkably by lowering the temperature. This can be nicely demon- 
strated by lowering the temperature of Chara cells on a controlled tem- 
perature stage of the microscope and observing the rate of movement of 
the chloroplasts. The fluid condition of fats is important in making them 
more easily broken into finer particles for easy digestion by the enzymes 
of the protoplast. The finer the state of division is, the more surface 
there is exposed to the action of lipases or other enzymes concerned in 
fat metabolism. 

It would seem then of a distinct advantage for plants to have their 
fats in a fluid condition, particularly in those plants which are adapted 
to growth in northern regions. The fats of most plants are liquid at the 
average temperatures of the temperate zones, 15° to 20° C. Yet there 
are many plants in cold climates whose fats are still liquid at -30° C. 
This is shown particularly by the conifers, in which the leaves are held 
over winter in a more or less functioning condition and in which oil is 
a common storage form in winter. The fats of many tropical plants are 
of a much higher melting-point than those of northern origin. A com- 
parison of the melting-points of the fats of some plants of temperate 
climates with those of tropical origin may illustrate this point (Table 
14), although a hard and fast generalization of this kind cannot be 
made. 


Table 14 


Plants of temperate clmatcs Melting-point of fat 

Piniis picea 27° — 30° Ck 

White pine oil {Piniis strobus) 18° — 20° C. 

Brassica nigra. 17 . 5° C. 

Flaxseed oil {Linuni nsiiaiissimiim) 27° C. 

White mustard oil {Sinapis alba) 16.3® C. 
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Table 14 — Continued 


Tropical plants Melting-point of fat 

Croton-oil (Croton tiglium) 7^ C. 

Cocoanut oil (Cocos nucifera) 16° — 23° C. 

Nutmeg oil (M yristica fragrans) 39° — 44° C. 

Cotton- seed oil (Gossypiiim herhaceum) 3° — 4° C. 

Cacao-butter (Theobroma cacao) 23° — 27° C. 

Peanut oil (Arachis hypogma) 2° — 3° C. 


The differences shown here are largely due to differences in acids of 
the saturated and unsaturated series rather than to differences in the 
molecular weight of the fats. 

^^And as oil is an excellent presermtive against the in- 
juries of coldj so it is found to abound in the sap of the more 
northern trees; and it is this which in evergreens keeps their 
lea’ues from falling.’^ Stephen Hales, Vegetable Staticks, 
p. 322. 

The degree of unsaturation of fatty acids is determined by the tem- 
perature at which the plants grow. Plants grown farthest from the 
equator have the most unsaturated fats. Also those grown at high alti- 
tudes have a high iodine number (Table 15). 


Table 15 

IODINE NOTBER OF OIL FROM PLANTS GROWN AT VARIOUS LATITUDES ^ 




Linum 

usitatissi- 

mum 

Helianthiis 

annuiis 

Cannabis 

saliva 

Archangel 

64° 30' N. Lat. 

195-204 



Leningrad 

59° 44' N. Lat. 

1S5-190 


163-7 

Omsk 

55° 50' N. Lat. 


140.4 


Moscow 

55° 50' N. Lat. 

178-182 

135 


Voronesch 

51° 40' N. Lat. 

170 

125-12S 


Schatilowo 

53° 00' N. Lat. 

174 


158 -s 

Kuban-Odessa 

45° 46' N. Lat. 

164 

120 

155 s 

Taschkent 

41° 26' N. Lat. 

154-15S 



Aschabad 

37° 30' N. Lat. 


117 



The presence of oil in the colloidal condition in protoplasts favors 
undercooling of the tissues and for this reason the production of oil by 
plants in winter may have a function of protection from injurious low 
temperatures. Especially would this seem to be the case if the oil pro- 
duced tended to prevent the solidification of the lecithin or other con- 
^ After S. Ivanow, Die Klimaten des Erdballs und die chemische Tatigkeit der Pflanzen. 
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stituents of the protoplast. There is good evidence that lecithin is con- 
cerned with the regulation of permeability, so that changes in properties 
of- the lecithin-containing parts of the protoplast by admixture with oils 
of low melting-point would tend to maintain a fluid condition of the 
protoplast and in this way maintain semipermeability of the cell. 

There are many plants living in regions with low temperatures in 
winter which have the habit of forming oil from carbohydrates during 
the faU and winter. Of trees, the birches, basswood, pines, and plum are 
often referred to as “ fat trees” since they transform most of their starch 
into oil during the winter. Most of the conifers have a similar tendency. 
In contrast to this group, the ''sugar trees” or "starch trees” form but 
little fat, soluble carbohydrates and starch being the predominant stor- 
age substances in winter. To this latter group belong the oaks, apple, 
pear, elms, hazel, and the ash trees. A good comparison of the low tem- 
perature resistance of these groups can be made by corhparison of the 
northern limits of the common plum and pear varieties. However, other 
factors than this one difference in the production of liquid fat are con- 
cerned in the ability of the plants to withstand low temperatures. 

III. Energy Value of Fats 

Fats are efficient forms for the storage of energy. They represent the 
highest caloric value per unit of weight of all the storage substances of 
cells. Fats are always the preferred storage forms in animals, in which 
group there is need of economy in weight on account of their movements, 
in contrast to the non-motile plant. In plant sperms and eggs and the 
motile forms of plants the storage of fat is more common than the storage 
of carbohydrates. 

The average values for the heat of combustion in large or kilogram 
calories per gram of dry weight of fat, protein, and carbohydrate show 
clearly the advantages of fats as forms for the storage of energy. 

Large calorics 
per gram 

Fats 9,3 

Protein 5.71 

Carbohydrate 4.1 

IV. Hydrolysis of Fats — Saponification 

Fats can be split on hydrolysis either with alkali, or with steam under 
pressure, or by lipases, into glycerin and fatty acids. The reaction pro- 
ceeds according to the following equation: 
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CHaOOCirHss CH2OH 

I I 

CH OOC17H35 + 3 H 20 -^ 3 Ci 7 H 35 C 00 H +CHOH 

I i 

CH2OOC17H35 CH2OH 

glyceryl tristearate stearic acid glycerine 

If alkali, such as potassium hydroxide, is used in this process a potassium 
salt of stearic acid is produced, which is a potassium soap. The process 
of hydrolysis by alkali is called saponification, for a soap is made thereby. 
The soaps of alkali metals are soluble in water but little soluble in oils. 
The soaps of alkaline earth metals are not soluble in water but more 
soluble in oils. Soaps are formed in the protoplast, and the balance be- 
tween the soaps of univalent cations such as sodium and divalent cations 
such as calcium is of great importance to the protoplast. A proper balance 
between these soaps must be maintained in the protoplast to maintain 
normal permeability. If the calcium soaps predominate, the ceU is not 
sufficiently permeable to water phases or substances soluble in water. 
If the sodium soaps are too abundant, the cell is not permeable to fat- 
soluble substances. A proper balance between these ions is maintained 
by proper conditions of mineral nutrition. 

The formation of soaps by reaction with alkali can be used to estimate 
the average molecular weight of the acids contained in fats. A weighed 
quantity of fat is boiled under a reflux condenser with a known quantity 
of standard alkali, which should be more than sufficient to combine with 
the fatty acids which it is expected will be formed. The excess of alkali 
is titrated, and from the quantity of alkali used to combine with the 
fatty acids the saponification number or Koettstorfer number is obtained. 
This number is expressed as the number of milligrams of potassium hy- 
droxide consumed in the complete saponification of one gram of fat. The 
value of the saponification number lies in determining the average molecu- 
lar weight of the acids in the fat, since for acids of low molecular weight 
one gram of fat will contain more acid molecules than for acids of high 
molecular weight. Determinations of the saponification number of fats in 
germinating seeds indicate that in sprouting the fatty acids of the seed are 
broken up into acids of shorter carbon chains with smaller molecular weight. 

V. Lipases 

The lipases, the enzymes concerned in the hydrolysis of fats, are of com- 
mon occurrence in plants. Lipases are easily demonstrated in germinat- 
ing seeds in which oil is the storage material. The lipases are not specific 
in their activity; any lipase preparation will hydrolyze any fat. In fact, 
they are more to be regarded as esterases since they will hasten the hy- 
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drolysis of a large number of esters other than those of glycerin. Some 
lipases show a higher sensitivity to the presence of certain fatty acids 
so that glycerides of these acids are more rapidly hydrolyzed than glycer- 
ides of other fatty acids. The action of the lipases is favored by acidity, 
the optimum of acid being variously stated as between n/6o and n/ioo. 
Possibly the solubility of the acid in the fat globule may in part deter- 
mine the effect of acidity on hydrolysis. The actual acidity or pH is 
determined usually in the water phase. The acidity of the oil phase may 
be different from this. It is known that the presence of fatty acids which 
are soluble in fats favors the action of lipases as in germinating seeds. 
The action of lipase is not arrested by 12% acetic acid. The temperature 
optimum for lipase is from 23° to 43° C., but the activity is not destroyed 
by temperatures much higher than this. Lipase is more thermostable 
than most enz3nnes. 

The lipases have been shown to have a synthetic as well as an analytic 
action on esters. Ethyl butyrate can be synthesized from butyric acid 
and ethyl alcohol in the presence of lipase. 

VI. Preparation of Lipase 

Lipase may be prepared by grinding castor-beans or other oil seeds 
with water until all of the cell walls are broken. The resulting emulsion 
of oil, protein, etc., is allowed to ferment at 24*^ C. A scum of oil contain- 
ing the ferment rises to the surface, and this may be separated from the 
aqueous layer. 

VII. Rancidification of Fats 

The lipases favor the oxidation and rancidification of fats since they 
cause hydrolysis of the glycerides. The free fatty acids are easily oxidized 
by atmospheric oxygen in the presence of moisture. This is particularly 
true of the unsaturated acids. The less unsaturated fatty acids the fat 
contains, the less it will tend to be oxidized or to become rancid. In the 
process of becoming rancid there is first the appearance of oxyacids, 
owing to the oxidation of unsaturated acids in the fats, then cleavage 
may occur in the partly oxidized acids, yielding acids of short carbon 
chains whose presence favors the further hydrolysis of the fat. The glyc- 
erol liberated on hydrolysis is easily oxidized, and it rapidly decreases in 
amount. If lipases are present with the fat, as in olive-oil, the production 
of free acids favors their action so that the process becomes autocatalytic. 

VIIL Chemical Tests of Fats 

Another method of estimating the number of acids of high and of 
low molecular weight in fats is the determination of the proportion of the 
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fatty acids produced upon hydrolysis which are volatile in steam distilla- 
tion. The acids of low molecular weight can be distilled in a current of 
steam, and the titration of the distillate will give a measure of the acids 
of low molecular weight contained in the fat. The Reichert-Meissl num- 
ber is the number of cubic centimeters of n/io alkali required to neutral- 
ize the soluble volatile acids obtained from five grams of a hydrolyzed 
fat by steam distillation. This method is of value in determining differ- 
ences in plant fats, particularly with regard to thofee constituents which 
are often responsible for flavors. 

The unsaturated fatty acids have the property of forming addition 
compounds with the halogens, two atoms of iodine, bromine, etc., being 
introduced into the fat at each double bond. The quantity of iodine so 
combined may be used to determine the number of double bonds present 
in the acids of the fat. The iodine number, or Hiibl number, is the num- 
ber of grams of iodine absorbed by 100 grams of the fat. Determinations 
of the iodine number on the fats of germinating seeds show that in the 
early stages of this process the unsaturated acids disappear, attendant 
upon an increase in the total number of acids present. This indicates 
that oxidation of the unsaturated acids occurs at the double bonds with 
subsequent cleavage and formation of saturated acids of shorter carbon 
chains. 

The quantity of free acid contained in a fat is of value in indicating 
the nature of physiological changes in these storage forms. If there is 
hydrolysis of the fat, the free acids produced will be absorbed and dis- 
solved by the fat, since they are soluble in the fat phase. The number of 
milligrams of potassium hydroxide required to neutralize one gram of 
fat then is a measure of the free acids present in the fat. This value is 
called the acid number. The production of acids which go into solution 
in the fat favors the action of lipases and also favors auto-oxidation and 
hydrolysis. Rancid fats have a high acid number. The acid number of 
fats increases during the germination of seeds, indicating that hydrolysis 
of the fat is taking place, making possible the translocation of fatty re- 
serves of the seed. 

The number of hydroxyl groups contained in the fatty acids is of 
importance in determining the properties of the fat. The hydroxy acid 
content can be estimated by acetylation of the fat by boiling it under a 
reflux condenser with acetic anhydride, then driving off the excess acetic 
acid by boiling with water, and then determining the amount of acetic 
acid which is bound by the hydroxyl groups. An increase in the number 
of hydroxyl groups of the fatty acid is an indication that oxidation of the 
fat is occurring. This t^^pe of oxidation releases energy, and there is no 
reason why energy liberated by such transformations of fats is not usable 
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by the cell. Fats are quite commonly transformed to carbohydrates in 
germination, and probably such oxidations as these are preliminary to 
the transformation. Castor-beans contain some of these partly oxidised 
acids. 

IX. Synthesis of Fats 

The storage fats of animals have been proved to be formed from the 
fats of the ingested plant material, and the same fats found in the food 
appear in the adipose tissues of animals. Different fats of plants will pro- 
duce dijfferences in the fats of the animals to which they are fed. Cotton- 
seed oil is a good example of a fat that will affect the body fats and the 
butter fat of animals to which it is fed. Animals also can synthesize fats 
from ingested carbohydrate material, and it is in animals that the changes 
involved in this transformation have been studied most. There is very 
conclusive evidence that the same series of transformations occurs in 
plants. The polysaccharides are first hydrolyzed to monosaccharides. 
Then by a complex series of reactions these sugars are transformed into 
fats. 

The ordinary mechanism of fat synthesis from carbohydrates can be 
considered to occur in three steps, (i) the formation of glycerol, (2) the 
synthesis of the fatty acid, and (3) the esterification of the glycerol and 
fatty acids. According to Ivanow the unsaturated fatty acids are prob- 
ably formed after the appearance of the saturated fatty acids. 

I. GLYCEROL FORMATION 

Glycerol is quite easily formed from carbohydrates, in fact, its alde- 
hyde, glyceric aldehyde, is often considered as an intermediate product in 
the synthesis of carbohydrates. The glyceric aldehyde produced l)y the 
cleavage of glucose at the center of the chain is easily reduced to glycerol, 
and this seems to be a very common process in plants. 

2. FORMATION OF FATTY ACIDS 

In the formation of the fatty acids from hexoses two types of reaction 
must occur, (i) reduction of the hydroxyl groups, (2) condensation in 
order to form the long carbon chains of the fatty acids. There are some 
group reactions of the carbohydrates which indicate the probable manner 
in which these changes are brought about. In carbohydrate metabolism 
it is a common reaction that an alcoholic hydroxyl is reduced with a 
transfer of its oxygen to another carbon atom. This is a simultaneous 
intramolecular oxidation and reduction. This reaction probably is the 
best explanation of the formation of lactic acid from sugar, a very com- 
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mon change in the breaking down of sugar. Probably the first step in 
the formation of lactic acid from hexoses is a disjointing of the carbohy- 
drate chain between the jS and 7 carbon atoms. This cleavage is common 
in secondary alcohol groups in other compounds, 

CHsOH—CHOH—CHO/H—CHOH— CHOH— CHO 

and produces two molecules of glyceric aldehyde from one molecule of 
glucose. This may be reduced to glycerol or further transformed. 

The next step in the production of glycerol is the reduction of the 
alcoholic hydroxyl group, and the oxidation of the aldehyde end of the 
molecule, transforming the glyceric aldehyde into lactic acid. This is a 
common reaction for compounds of this nature. 


CH20H 

CHs CHs-^ 

CH3 

j 

CHOH-> 

1 

1 1 
c=o-»c=o ■ 

1 /r \ 

1 

-^CHOH 

I 

CHO HC =0 HC— oil 

1 

1 

COOH 

glyceric aldehyde 

1 

OH 

lactic acid 


Not much energy is liberated by the first cleavage reaction, but the 
second oxidation reduction rearrangement involves the liberation of 
considerable energy, in fact, this reaction is the chief source of energy 
for many bacteria that ferment hexoses to lactic acid. 

A common reaction of the hydroxy acids such as lactic acid is to 
break down into the lower aldehyde, hydrogen, and carbon dioxide. 
The hydrogen so produced may be nascent and available for the reduction 
of glyceric aldehyde to glycerol. All of the processes up to this point in 
the process might be considered to occur instantaneously with merely a 
shifting of atoms in the molecule. 

The next stage involves the splitting off of one molecule of CO2 which 
evolves considerable energy. 

CH3CHOH C00H->CH3CH0+C02 4-2H 

Lactic acid by this process produces acetaldehyde, CH3CHO. Alde- 
hydes have a tendency to polymerize with little or no energy change. 
Acetaldehyde on polymerization gives aldol, a four carbon chain which 
by the Cannizzaro reaction, a simultaneous oxidation and reduction re- 
action, produces butyric acid. 
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acetaldehyde aldol butyric add 


The oxidation and reduction occurring here is the same as the re- 
action in the formation of lactic acid from glyceric aldehyde; the re- 
duction of the alcoholic hydroxyl is accompanied by the oxidation of the 
aldehyde to a carboxyl group. There has been formed in this series of 
reactions butyric acid, a member of the saturated series of fatty acids. 
Probably other acids of this series are formed by a similar series of con- 
densations involving acetaldehyde, a two carbon chain, because in plants 
these acids always contain an even number of carbon atoms. 

Acetaldehyde might be a product coming directly from the photo- 
synthetic reaction in chlorophyl-bearing cells, but most of the evidence 
indicates that the photosynthate seems to go through the carbohydrate 
stage, with fat formation as a secondary process in the green leaf as 
elsewhere in the plant. 

Many bacteria seem to use this series of reactions regularly for pro- 
ducing butyric acid, CO2, and H2 from hexoses. Lactic acid itself may be 
used in the production of butyric acid, thus indicating that it may be a 
regular intermediate product in the butyric acid synthesis by bacteria. 
In the process of fermentation of glucose by bacteria normal caproic 
acid, C6H12O2, and also caprylic acid, C8H18O2, are produced simultane- 
ously with butyric acid. This indicates that higher members of the series 
may be produced by the same series of reactions, three or four molecules 
of acetaldehyde entering into the chain. 

Emil Fischer explained the origin of the long carbon chain, particu- 
larly the formation of the Cis series of acids by the polymerization of 
trioses or hexoses with a reduction of most of the carbons of the chain 
and oxidation of the end carbon. Stearic, oleic, linoleic, or linolenic acids 
might originate from three hexoses or six trioses. According to Fischer, 
pentoses might also take part in the formation of other chains such as 
palmitic acid, C16H32O2, from two pentoses and one hexose molecule. 
If this be true, it would be difficult to see why Cn and Cn acids should 
not be formed also, but these are not commonly produced. All of this 
seems to point to the probability that this series of reactions suggested 
by Fischer may not be followed in plants in the production of fatty acids. 
Most of the evidence seems to point to the formation of fatty acids from 
a two carbon chain unit such as acetaldehyde. 

The rather rapid conversion of starch to sugar and then to fat in pine- 
needles, in plum buds, and in other plant parts during the period of de- 
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creasing temperature in autumn indicates that the main transformation 
is from carbohydrate to fat. In ripening seeds the increase in fat content 
seems parallel to the decrease in carbohydrate. Two tables (16 and 17) 
given by Leclerc du Sablon will illustrate this: 

Table 16 


WALNUT 


Date of gathering 

Fer cent 
fat 

Fer cent 
glucose 

Per cent 

sucrose 

6 July 

3 

7.6 

0 

I August 

16 

2.4 

0.5 

1 5 August 

42 

0 

0.6 

I September 

59 

0 

0.8 

4 October 

62 

0 

1 . 6 


Table 17 




ALMOND 




Fer cent Per cent 

fat glucose 

Per cent 

sucrose 

Per cent 

Date of gathering 

starch and 
dextrins 

9 June 

2 6 

6.7 

21 .6 

4 July 

10 4.2 

4.9 

14. 1 

I August 

37 0 

2.8 

6 . 2 

I September 

44 0 

2.6 

^ • 4 

4 October 

46 0 

2-5 

5 • 3 


In animals there is good evidence that fats may be produced from pro- 
teins. There is no reason for assuming that similar processes do not occur 
in plants, but the evidence is in favor of carbohydrates being the principal 
constituents of the cell which are transformed into fats. 

Priestley says that fat metabolism probably starts from carbohydrates 
and takes place in light, but that given a liberal supply of carbohydrates 
it may take place in the dark. He also calls attention to the fact that 
apparently fat synthesis can only take place in the cell that is going to 
use the fat or store it, for there are no fatty substances in the transpira- 
tion stream. 

3. ESTERiriCATION OE GLYCEROL AND PATTY ACIDS 

The next step in fat formation is the esterification of the glycerol and 
fatty acids. When mixed, fatty acids and glycerol will remain unchanged 
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for years without esterification. A catalyst or an enzyme is necessary to 
make the esterification occur at a rate sufficient to account for fat forma- 
tion in plants. 

Probably the same lipases concerned in the hydrolysis of fats may 
bring about their synthesis, or different enzymes may be involved in each 
process. Still Ivanow has shown that seeds have the catalysts necessary 
for both the synthesis and hydrolysis of fats. 

Ivanow used poppy seeds which are normally rich in fats containing 
saturated fatty acids, and flaxseeds which are rich in fats containing un- 
saturated fatty acids. The lipases of each kind of seeds were extracted 
with glycerol. To the glycerol extract of dry poppy seeds free oleic acid 
was added. In three months the acid number fell from 44.6 to 34.84* 
When oleic acid was added to a glycerol extract of dry flaxseed, the acid 
number fell from 80.04 to 51.4 in 3 months and 16 days. There was no 
decrease in the acid number of checks which had been boiled to stop the 
action of enzymes. Evidently there is esterification of the fatty acid and 
glycerin by substances in the seed, by catalysts or enzymes which are 
soluble in glycerin. 

When the glycerol extracts of lipases were made from seed containing 
6o“8o% of water, a water content which would normally occur in ger- 
minating seed, the reaction was reversed. The glycerol extract of poppy 
seed containing 60-80% water with oleic acid showed an increase of acid 
number from 14.4 to 23.8 in 2 days. In flax the acid value rose in 16 days 
from 16.4 to 24. The increase in free fatty acid must have been from fat 
dissolved in the glycerol extract obtained from the seed. 

The percentage of water in the seed seems to determine whether 
synthesis or hydrolysis predominates. There should be synthesis under 
the conditions of desiccation which prevail in the ripening of seeds, and 
hydrolysis under conditions yielding sufficient moisture for germination. 


X. Fat Deposits in Elaioplasts 

The synthesis of fats occurs in the carbon-assimilating cells of algm 
such as Vaucheria, and it seems to be the reserve form preferred over 
starch in many monocotyledonous plants. In fact, the fat might l)e 
formed directly from short chain aldehydes formed during photosynthesis. 
Quite frequently oil deposition in globules occurs in or around particular 
cell structures called elaioplasts. These bodies are quite highly developed 
in some cells of monocotyledonous plants. They are colorless bodies 
rich in protein constituents; they resemble leucoplasts. They are easily 
found in Vanilla sp., Ornithogalum, Psilotum, and the corolla hairs of 
Gaillardia flowers, These elaioplasts are of various shapes and are fre- 
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quently associated with the nucleus. In some cases they seein to be, formed 
by the aggregation and subsequent breaking down of chloroplasts wEicjT 
give rise to oil in the process of their degeneration. Fat droplets are fre- 
quently found closely associated with the chloroplasts of many green 
algae. 

XI. Fats in Fungi 

The spores of algae and fungi are usually rich in fats. The sclerotia 
of many fungi have abundant fat; in ergot of rye, Claviceps purpurea, 
fats may represent 6 o% of the dry weight. Fat globules may be demon- 
strated in the mycelium of many filamentous fungi. Free fatty acids are 
usually abundant in the fats of these fungi. The ability of many fungi 
and bacteria to resist toxic agents is in many cases associated with the 
high content of waxy substances containing sterols and phosphatides. 
The tuberculosis bacillus {B, tuberculosis) shows this relation very well. 

XII. Storage of Fats 

In the whole plant kingdom a great variety of storage relations of 
the fats are found. There may be fat only as the storage form, or fat 
and starch together as in the grasses, or fat and reserve hemicelluloses, 
or celluloses mainly as in nutmeg and in many nuts. The conifers have 
great quantities of storage fat with some glucose in the seed. In all of 
these seeds there are, of course, the cellulose of the wall materials and 
other carbohydrates of the seed coats, and proteins, which make up part 
of the dry weight. The percentage of fats varies greatly in seeds, but it 
is often higher in those seeds in which storage in parts of the embryo is 
predominant over storage in the endosperm. Thus in the wheat grain 
{Triticum vulgar e), fats represent i.8% of the dry weight. Most of this 
fat is found in the embryo. In flax {Linum usitatissimum) fat represents 
33.6% of the dry weight. Most of the fat of flax is contained in the 
cotyledons of the embryo. A similar comparison can be made between 
corn {Zea mays) and castor-bean seeds- {Riciniis cojmnmiis). The cocoanut 
contains 67% of fat, which is present in the endosperm along with hemi- 
cellulose. 

There is some storage of fats in the stems of plants and in tubers, 
underground root stalks, corms, and bulbs. In many of the underground 
parts of plants, carbohydrates are favored over fat as the storage forms. 
There are, however, many exceptions to this generalization, for instance 
the chufa {Cyperus esculentus), whose tubers have a high fat content. 

The latex of the plants of the family Euphorbiace.® and of other 
families contains considerable quantities of fat globules in emulsion. 
The transport of fat as such is possible in lactiferous tubes. 
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XIII. Carhohydrate-Fat Transformations 

In the '^fat trees’,’ the transformation of starch into fat begins in the 
autumn from about September to November, depending somewhat upon 
the temperature. The quantity of oil reaches a maximum during January 
or February, and then there is a reversal of the reactions. Carbohydrate 
is re-formed from the oils during the early spring months. Basswood 
twigs may contain 9-10% of fat during the winter, and the bark of the 
walnut may contain as high as 50% of fat. The same cycle of changes 
can be brought about by low temperatures produced artificially and at 
different times of the year, so that the transformation is not merely a 
periodic phenomenon but is dependent upon the temperature. During 
winter the transformation of carbohydrates to fats in the leaves of pines 
growing in the colder regions is quite remarkable. 

In seeds there is often a transformation of carbohydrate to fat during 

the process of rip- 
ening. In the de- 
velopment of flax- 
seed the testa is 
first formed, fol- 
lowed by the de- 
velopment of the 
embryo. The testa 
is rich in carbohy- 
drates, largely 
pentosans whose 
function is protec- 
tion of the seed 
and which take no 
part in later nu- 
trition. The fats, 
synthesized in situ 
in the cells of the 
embryo, are formed from glucose with a disappearance of sucrose and 
starch. Proteins play a minor part in the fat synthesis if they are used 
at all. Glucose is first used up, then the sucrose and starch of the cells 
are hydrolyzed and converted into fat. There is an intense oil formation 
for about two weeks during the middle of the seed development period 
(Fig. 44). The carbohydrates of the stem are mobilized by transfor- 
mation to glucose, and move into the embryo as a falling gradient of 
concentration is established in that direction through the formation of 
oil as an independent phase in the cells. The acids of the fats first formed 
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Days from flowering 

Fig. 44.— Percentage of oil in flaxseed from the early full bloom (flowers 
tagged July 2), from the late bloom (flowers tagged July 12), and from bulk 
seeds (all flowers). The first bulk sample was obtained at St. Paul, Minn., in 
1927 by pulling the plants on July 14, about 18 days after the first flowers ap- 
peared. (Dillman.) 
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are saturated; later in the development of the seed unsaturated acids are 
formed in greater quantity, and these tend to make the oil more fluid. 

XIV. Fat Utilization in Germination 

In the cotyledons of the peanut there is an increase of dry weight 
owing to the fixation of oxygen in the process of transforming fat into 
carbohydrate. Isolated cotyledons increased in weight from 2.2613 
2.6153 gms. and the sugar content increased from .3416 to .4684 gm. 
Fatty seeds on germination should show a greater quantity of oxygen 
taken in than of CO2 given off. In germination there is an increase in the 
quantity of carbohydrate at the expense of fats. This is illustrated in the 
following table (Table 18). 

Table 18 

PEANUT 


Age in days 

Per cent fat 

Per cent 
carbohydrates 
other than celhdose 

Per cent 
cellulose and 
other insoluble 
carbohydrates 

0 

51-39 

11.55 

2.51 

6 

49.81 

8.35 

3.46 

10 

36.19 

11.09 

5.01 

12 

29.00 

12.52 

5.22 

18 

20.45 

12.34 

7.29 

28 

12 . 16 

9.46 

9.48 


The principal change other than respiration going on during the 
germination of the peanut then is the transformation of the reserve fat 
into the cellulose of the cell wall. 

There are many cases of the re-formation of starch from fat. This is a 
common occurrence in trees in spring. The transformation involves the 
production of glucose from glycerin and fatty acids, and the condensation 
of glucose to starch. In the germination of oily seeds, such as Ricinus 
seed, there is a rapid conversion of fat into glucose and starch (Fig. 45). 
Maquenne believed that the sugars which are produced during germina- 
tion originated from unsaturated fatty acids while the saturated acids 
were used up by the germinating seed in respiration. It is difficult to see 
how this difference in use might occur if both acids were first transformed 
before oxidation in respiration as has usually been asumed to occur. 
There is a greater reactivity shown by acids of the unsaturated series, and 
this may account for their early disappearance by conversion into carbo- 
hydrates in germination. 
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Fig. 45. — Curves representing the variations in fatty substances (h), of sucrose (s), and glucose (g) 
in the albumen of Ricinus seed during germination. (Leclerc du Sablon.) 


The reactions leading to the formation of fats may be represented 
schematically as follows: 

hydrolysis cleavage reduction 

starch or other > glucose > glyceric > 

polysaccharide aldehyde 

(CsHioO^n CsHeOs 

glycerol CH2OH rearrangement CH3 decomposition 


-^CHOH 


CHOH- 


CgHsOs CHO 


COOH 

lactic acid 


CH3 condensation CH3 


CO2 -f H2 + 1 

C 

/\ 

H 0 


HCOH 


CH2 


acetaldehyde 

CH2OH 

I 

CHOH +CH3CH2CH2— C 


^0 


\ 


CH5OH 


OH 


rearrangemcnl CH3 esterification 

I 

> CH2 > 

I 

CH2 

I 

C=0 

I 

HO 

butyric acid 


CH2OOC-C3H; 

1 

CH OOC— C3H; 


CH2OOC— C3H7 

clvccrol Lrihnl v/r.tif* 



CHAPTER XV 


THE LIPIDES 

There are other fatty substances in protoplasts such as lecithin and 
its allies which are hardly to be considered as storage materials since 
they are extremely reactive and take an active part in the physiological 
changes in the cells. These substances may be called cytolipoids. They 
are important in cell life but are not ordinarily present in more than small 
quantity. They are never important as storage forms, never representing 
more than 1.5% of the dry weight, as in peas, and usually representing 
not more than 0.5%, as in the cereals. These substances are variously 
referred to as lecithins, phosphatides, or phospholipins. Probably lipides 
or phosphatides is to be preferred as a group name. The term lipoid, 
meaning fat-like, has been altogether too loosely applied to be specific. 

The phosphatides of plants are compounds of glycerin combined in 
ester linkage with two fatty acids which may be various but one of which 
always belongs to the unsaturated series, and one phosphoric acid group, 
one hydrogen of the phosphoric acid being displaced by a base which is 
usually choline, less frequently amino-ethyl alcohol. The groups present 
give the phosphatides the property of ionizing both as acids and as bases. 

Lecithin is the most abundant of the phosphatides and is universally 
distributed in the plant kingdom. It may be represented in structural 
formula as follows: 

CHa—COO— Ri 


CH— COO— R2 
CH2— O 


HO— P^O 

1 

H— 0— H 

1 

H— 0 — H 

I 

N^CCHa), 

1 

OH 

lecithin 

203 



204 


PLANT PHYSIOLOGICAL CHEMISTRY 


In this formula there is an asymmetrical carbon atom in the second alco- 
hol group of the glyceryl radical. Lecithin is optically active, so the 
formula indicates the properties of the substance. Lecithin yields an 
optically active glycerophosphoric acid on cleavage, showing that the 
asymmetrical carbon atom is in the glyceryl group. The fatty acid radi- 
cals of lecithin may be stearic, palmitic, oleic, or linoleic acid, but there 
is good evidence that one of the acid radicals is always of the unsaturated 
series. Probably different lecithins are characterized by having different 
fatty acids in the molecule. It is very difficult to prepare unchanged 
lecithin, since the acid groups are easily oxidized. The fatty acids found 
seem in certain preparations to be all of the Cis series. Lecithin can be 
split on hydrolysis by alkali or lipases into fatty acids, glycerophosphoric 
acid, and a base. The glycerophosphoric acid may be considered a glyc- 
eryl ester of phosphoric acid which could be formed in two ways as follows: 



HO 

CH2OH 

1 

HO 

CH2— 0- 
1 

— P=0 

1 

0 — 
w 

0 

1 

1 

— P=0 

CHOH 

I 

HO 

1 

CH20H 

1 

HO 

CH2OH 





a-form asynmetrical /S-form symmetrical 


Obviously the /3-form does not show optical isomers since it has no 
asymmetrical carbon atoms, but the a-form shows dextro- and levo- 
rotatory forms. Probably both a-and /3-forms occur in lecithin. Prep- 
arations of glycerophosphoric acid from lecithin show optical activity, 
so that the a-form is not absent. Since the glycerophosphoric acid is 
ordinarily 1-rotatory there is some doubt that d-a-glycerophosphoric 
acid is a constituent of lecithin. It is probable that the jS-form is also 
present in the lecithin and in some preparations it has seemed to be the 
predominant form. 

The base contained in the molecule of the phosphatides is principally 
choline, as in lecithin, but there is present also the base found in cephalin, 
amino-ethyl alcohol. 

CH 2 OH 


PIC— H 

(CH3)3-N 


NH 2 — CH 2 -CH 2 — OH 


OH 

choline 


amino-ethyl alcohol 
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Amino-ethyl alcohol (cholamine) corresponds in structure to glycine 
and may be produced from this amino add. 


H- 


H 

I 

-C- 




0 


H- 


H 

I 

-C- 


-CHj 


NHj 

glycine 


^OH 


NH2 OH 

amino-ethyl alcohol 


On methylation of the nitrogen, cholamine may yield choline. 

H CH3 

^N— CHs— CHaOH-^CH^N— CH2CH2OH 
H CH3 '^OH 

cholamine choline 


The phosphatide cephalin, which contains amino-ethyl alcohol, is 
similar to true lecithin, the only difference being in the nature of the 
basic group. The amino group of cephalin is free and it can be determined 
by the method of Van Slyke for amino nitrogen. Phosphatides containing 
the amino-ethyl alcohol group are found in the bean {Phaseolus sp,). 
All of the water-soluble nitrogen of lecithin is present either as choline 
or amino-ethyl alcohol, hence no other bases are present. 

The substance lecithin, as the term is generally applied, consists of 
combinations of true lecithin containing choline, and cephalin containing 
amino-ethyl alcohol in mixture. Whether both bases are combined with 
the optically active 1-a-glycerophosphoric acid or with the /3-form, or 
with both, has not been determined, but the number of possible combina- 
tions is great, which might account for differences in properties of the 
lecithins. Differences also in the fatty acids present would account for 
differences in properties of these substances. 

Lecithin forms slimy emulsions with water. Its colloidal solutions are 
easily changed in their state of aggregation by small quantities of divalent 
cations in particular, and to a less degree by monovalent cations. Electro- 
lytes decrease both the osmotic pressure and the viscosity of aqueous 
lecithin suspensions. Lecithin may be important in determining the per- 
meability of cells to salts on account of these properties. 

Lecithin forms adsorption compounds with dyes and with albumoses. 
It combines with acids and bases. It forms addition compounds with 
certain salts of the heavy metals, such as mercury and cadmium. It 
forms compounds with proteins, the lecithoproteins, and it seems prob- 
able that the greater part of the lecithin of tissues exists in combination 
with protein. In plants, lecithin is found in combination with sugars. 
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much in the same manner as in the cerebrosides of animals. The sugars 
may be glucose, galactose, pentoses, or methylpentoses, but the galactose 
compound is most abundant in plants. 

The phosphatides are the most labile of all the components of the 
colloidal protoplasm, and they play an important role in cell metabolism. 
Lecithin undergoes marked changes in properties as a result of oxidation. 
Owing to the ease with which it is oxidized and on account of the un- 
saturated fatty acid and the glycerophosphoric acid which it contains, 
it seems of considerable importance in respiratory processes. The action 
of the oxidase systems in the cell is bound up with the presence of phos- 
phatides. The latter are therefore important in oxidative processes, the 
usual statement being that they act as coenzymes for the oxidase systems. 
Since lecithin yields glycerophosphoric acid, it may also act as a coenzyme 
of zymase in the alcoholic fermentation of hexoses. 

The phosphatides increase rapidly during the process of ripening in 
seeds. On germination there is a decrease in the quantity of phosphatides 
as growth progresses in some plants, while in others the reverse seems to 
hold. The relation of quantity of phosphatide to phosphorus nutrition 
has not been sufficiently studied. When seeds are germinated in darkness, 
the phosphatides seem to decrease in quantity, while in light there is an 
increase. 

The choline portion of lecithin is closely related to the poison, mus- 
carine, found in the poisonous agarics {Amanita muscaria)^ and also to 
the betaine found in beets, and the neurine produced by the decomposi- 
tion of fish and meats. The alcohol choline is not a poison, but its alde- 
hyde muscarine is a strong poison; the acid anhydride betaine is not 
poisonous, but neurine is very poisonous. 


N=(CH3)3 

roH 

CH2CH2OH 


Choline 


N=(CH,)3 

|OH 

CH 2 CHO 


Muscarine 


N=(CH3), 

Toh 

CHaC^O 


Betaine 


N=(CH3)j 
I OH 
C=CH2 
I 

H 

Neurine 


It is easily seen how these substances may originate from each other 
by proper conditions of oxidation or reduction. Betaine and choline are 
both widely distributed in plants, choline being by far the more abun- 
dant. Choline is found in seeds, fruits, or other plant parts, in cocoanut 
endosperm, calamus root, and barley. Betaine is found in some quan- 
tity in beet roots. 

Phosphatides are most abundant in tissues which have a high protein 
content, their abundance seeming to parallel the abundance of proteins. 
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WAXES 

The fatty acids form esters with alcohols other than glycerol, and 
these compounds are of frequent occurrence and of physiological impor- 
tance in plants. Of particular interest are the compounds of fatty acids 
with monatomic alcohols of high molecular weight, called sterols, which 
form the waxes. A wax in technical terms is an ester of a sterol with a 
fatty acid. Waxes may be either liquid or solid at ordinary temperatures. 
Fats differ from the waxes in that glycerol, the trihydroxyl alcohol, is 
always the alcohol combined in the ester, while in waxes the alcohol is 
always monohydroxylic . We ordinarily do not include esters of low 
molecular weight among the waxes but refer to them simply as esters or 
as volatile oils. 

The common higher alcohols or sterols found in quantity in plant 
waxes are: 


Carnaubyl alcohol C24H50O in carnauba wax 
Ceryl alcohol C26H54O in Chinese wax 
Myricyl alcohol C30H62O in beeswax 

These alcohols are all of the saturated series, although unsaturated al- 
cohols are found as constituents of waxes. These are combined into esters 
with various fatty acids in the common waxes as follows: 

M.~P. 

Ceryl palmitate 79° C. in poppy wax 
Ceryl cerotate 80° C, in Chinese wax 
Myricyl palmitate 72° C. in beeswax 

These waxes are not at all reactive; they require long boiling with 
alkali to effect hydrolysis. They are found in plants principally as con- 
stituents of the cuticle of leaves or fruit. One of their functions is to 
prevent too rapid evaporation from the plant. They are found especially 
abundant in plants which are adapted to xerophytic conditions, such as 
cacti (CACTACEiE), euphorbias (Euphorbiace.e), etc., of desert regions. 
The waxes also are of considerable importance in herbaceous plants which 
are exposed to frosts. Their function in this case is to form a waterproof 
coating which prevents dew from collecting on the plants, which on freez- 
ing would cause the leaves to be inoculated with the crystals and to 
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freeze. The presence of wax allows the tissues to undercool much below 
their normal freezing-point, and thus they are a protection against frost 
injury. 

In addition to sterols there are found in the cuticle of fruits also com- 
plex hydrocarbons called sterenes. In the cuticle of apple these substances 
are of importance in determining the permeability of the epidermis to 
oxygen. The waxy covering of apples is of importance also in the retention 
of acetaldehyde and esters by the fruits, and thus is related to the inci- 
dence of storage scald. Both sterols and sterenes may be just as important 
as lecithin in determining the permeability of cells and membranes. 

The waxes when once formed in the cuticle of leaves or fruits are not 
again brought into use by the plant. They are very stable substances, 
and are probably not used as a source of energy by organisms with the 
possible exception of some fungi which grow on the surface of leaves. 
The waxes may remain unchanged for centuries. In fact, there are 
remains of plants of the Devonian period, the CalamiteSj deposited in 
Russia, in which the coal is made up of the waxy epidermal layer of the 
leaves almost entirely. Peat deposits frequently are made up of a large 
percentage of such substances. 

In addition to the above-mentioned straight-chain alcohols, the waxes 
of plants contain also cyclic alcohols whose compounds with fatty acids 
are called phytosterols. These substances are compounds similar to the 
cholesterol of animals, and were formerly taken to be isomerides of the 
cholesterols. 
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There is one compound, hippocuprosterol, C22HS4O, found in grasses, 
which may be regarded as a reduced cholesterol. The principal phytos- 
terols are sitosterol and stigmasterol. Sitosterol, C27H44O +H2O, occurs 
in the embryos of wheat, rye, and maize. Stigmasterol, C30H48O, was 
first found in the oil of Calabar bean, Physostigma venenosum. It occurs 
also in rape-seed oil and cocoa-butter. The presence of these compounds 
in many fats of plant origin has been used to detect the adulteration of 
butter with cheaper fats of vegetable origin, since they give different 
color reactions from those of the cholesterols of animal fats. Ergosterol 
occurs commonly in plants, and seems to be of especial interest since an 
activated form produced by exposure to ultra-violet light has a physiologi- 
cal effect identical with the antirachitic vitamine. 

The physiology of the formation of waxes in plants has never been 
sufficiently studied. The waxes are important as coverings of fruits and 
vegetables. When the waxy coating is removed from many fruits, they 
wilt much more quickly than if the coat is left intact. The waxy covering 
on the surface of small fruits aids in preventing fungus infection. If 
strawberries are picked in the morning when the temperature is low and 
the wax firm, there is much less rotting than in berries which are picked 
in the warm part of the day when the wax is softened. Not many fungi 
are able to dissolve the waxy coverings of fruits or leaves. They are gen- 
erally penetrated by mechanical means by appressoria, or the organism 
may take advantage of cracks in the wax to gain entrance into the tissue. 

There occurs in the surface layers of most plants a mixture of sub- 
stances which have been insufficiently studied chemically. These are 
commonly called cutin and suherm. The name cuiin is given to deposits 
in the walls of epidermal cells particularly, while the term suberin is 
reserved for deposits in the cell walls of endodermis. Suberin is an im- 
portant constituent of cork. These substances show considerable differ- 
ences in physical and chemical properties. Cutin does not seem to be 
made up of esters, as the true waxes are, because little or no glycerin is 
produced on saponification of the cuticular layers. It has been fairly well 
proved that suberin consists of condensation products, varying in their 
degree of anhydration, formed from phellonic and phloionic acids and 
probably other acids of a similar nature. The phellonic and phloionic 
acids are soluble in fatty substances, but on heating they form condensa- 
tion products, probably anhydrides, which are not soluble in lipoid sol- 
vents. Cutin may also be formed by such a condensation, but the con- 
stituent acids are different. Both cutin and suberin seem to be deposited 
as a distinct layer in the wall. In cork cells the suberin layer lies between 
the inner cellulose wall and the middle lamella. 
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PROTEINS 

CHAPTER XVII 

COMPOSITION AND FUNCTION OF PROTEINS 

The name protein is applied to an extensive group of nitrogen-con- 
taining substances which contain the characteristic group of the amino 
acids, R CHNH2 COOH, or anhydrides of this group. The protein mole- 
cule may contain a relatively enormous number of groups widely var3dng 
in chemical composition and properties joined to the groups of the 
amino acids. On account of their ability to combine with practically aU 
classes of chemical substances found in cells, the proteins may be of 
primary importance in bringing about the vital reactions of metabolism. 
Metabolic reactions involve the combination or decomposition of parts 
of the various groups which are united with the proteins. The proteins 
form the medium for life processes. It is impossible to say that any one 
chemical substance is the biological unit or vital portion of a cell, for 
the cell itself is the smallest unit of living matter. But certainly vital 
processes are impossible without protein. On starvation carbohydrates 
and fats may be depleted, but under no condition can the protein be 
depleted without death. 

The proteins are always present as principal constituents of proto- 
plasm. Probably a majority of the chemical and physical properties of 
protoplasm are determined by its protein constituents. 

The protoplasm of slime-molds represents as purely protoplasmic 
constituents of plants as one may obtain. In the slime-mold Enteridium 
the proteins make up at least half of the dry weight. Pure protein in the 
crystalline condition may exist side by side with the actively metabolizing 
part of the protoplasm in storage organs. Such protein reserves are not 
to be considered the living part of the protoplasm. It is evident that 
vitality is not necessarily a property of the protein alone, however com- 
plex its structure may be. Other substances are required also to produce 
the living cell. 

Specialized portions of the protoplasm of cells, such as cytoplasm, 
nuclei, and plastids, may live for a time when separated from the other 
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constituents of the cell, yet the separate part is not complete enough in 
all of its reactions to continue an entirely independent existence or to 
show the automatic self-maintenance, growth, and reproduction charac- 
teristic of permanently living structures. The protoplasm of the cell, 
owing to the great complexity of its phases, takes on a new property, 
life, not found in the sum of the physical and chemical properties of its 
individual constituents. Yet each constituent of the protoplasm may 
determine the nature and course of the vital reactions. Certainly the pro- 
teins as they may be combined with other substances in the cell approach 
more closely to the chemical and physical properties of protoplasm than 
any other substances. 

The larger proportion of crystallizable proteins have approximately 
the following composition: 


Carbon 

Hydrogen 

Nitrogen 

Oxygen 

Sulphur 


50-55% 

6 . 5 - 7 . 3 % 

15-17*6% 

19-24% 

3-5% 


Certain classes of proteins contain also phosphorus, iron, copper, and 
other chemical elements in smaller amounts. 

The constitution of protoplasmic protein is much in doubt since in 
its analysis many changes may occur, so that the chemical and physical 
properties of the material under analysis are much different from those 
shown by the original protoplasmic protein. The dehydration and racemi- 
zation of the proteins during the analysis or even in the plant itself may 
produce proteins showing widely different properties. However, it is pos- 
sible to prepare certain plant proteins in a crystalline condition, and in 
these the composition is relatively constant. It is possible by the use of 
NaCl, NaBr, or Nal in the extraction process to vary greatly the relative 
proportions of the constituents of the protoplasm which have been classed 
on the basis of solubility. This probably means that the scheme of 
classification of the proteins which has been in use the world over and 
based on solubilities in part is entirely artificial. Differences in the 
protein solubility produced by the Cl”, Br”, or I" ions would shift greatly 
the percentage of globulins from identical samples. A much more satis- 
factory classification would be upon the basis of the actual constitution 
of the proteins, but, unfortunately, their complexity is so great that we 
can only roughly approximate the relationships. The constituent amino 
acids yielded on hydrolysis give definite information for only a few groups. 
For many of the amino acids, unfortunately, the different analytical 
procedures may give varying results. The precipitin reactions pro- 
duced by the injection of plant proteins into the blood stream of animals 




Fig. 46. — Relationships in the plant kinfidom obtained by serodiagnostic methods by Carl Mez and 
Hermann Ziegenspeck. Konigsberg, 1926. (Verlag des Botanischen Archivs.) 


teins of different genera and families of plants. Mez has shown the 
fundamental relationships in the groups of the plant kingdom (Fig. 46). 
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Probably it is the expression of these differences in specific proteins of 
varieties of plants which we see expressed in color, in size, and in the 
multitudinous other characters of plants which we have been able to 
observe. 

11 . Classification of Proteins 

With the present limitations in mind, a working classification of the 
proteins may be used until a better one is devised. Three main divisions 
may be recognized: 

1. Simple proteins. 

2. Conjugated proteins. 

3. Derived proteins. 

But in this regard may it not be asked, are not all proteins in the proto- 
plasm conjugated, and are not all proteins undergoing analysis derived? 

I. The simple proteins may be further classified into 

a. Albumins. e. Albuminoids. 

b. Globulins. -f. Histones. 

c. Glutelins. g. Protamines. 

d. Prolamines. 

{a) Albumins. These proteins are named from their resemblance to 
the white of egg. It is almost a universal practice to restrict the term 
albumins to substances soluble in water and coagulated by heat. Albumins 
and globulins are differentiated on the basis of their solubility in half- 
saturated (NH4)2S04 solution, albumins being precipitated and globulins 
remaining in solution. Animal albumins are not precipitated by saturated 
NaCl or MgCb solutions. Vegetable albumins are in many cases precipi- 
tated. Such vegetable albumins can be classed with albumins only on 
the basis of their solubility in H2O at neutral or acid reaction and coagula- 
tion by heat. It is often difficult to decide about the solubility in water, 
for small quantities of salts, acids, or bases, as impurities change the 
solubilities greatly. As examples of albumins the following may be given: 

Leucosin in cereals. 

Legumelin found in various legumes. 

Phaseolin in Phaseolus vulgaris. 

Ricin, a toxalbumin of Ricinus communis. 

Quantities of albumins are found in most other seeds. 

(h) Globulins. These are proteins not soluble in distilled H2O but 
soluble in neutral saline solutions. They also are commonly found in 
seeds. Very often it is the acid salt, not pure protein, that is soluble in 
salt solution and not in H2O. When freed from acid they are soluble in 
water. 
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Animal globulins are coagulated completely by heat, plant globulins 
are coagulated partly, very poorly if they are free from acids. Many of 
these substances are easily crystallized. They have been most studied 
on account of the possibility of preparing them in crystaUine form by 
dissolving them with NaCl solution and then dialyzing the extract. 

As examples of plant globulins the following may be given: 

Excelsin found in the Brazil-nut (Excelsa), 

Edestin from hemp seed {Cannabis saliva). 

Tuberin in potato {Solanum tuberosum). 

(c) Glutelins. These proteins are not dissolved by H2O, neutral saline 
solutions, or alcohols. After all other proteins are dissolved out, they 
can be extracted by dilute alkaline solution. Glutenin of wheat and 
oryzein of rice are well characterized representatives of the group. Simi- 
lar proteins have been prepared also from other cereals. 

d. Prolamines. These alcohol-soluble proteins were the first to be 
recognized in seeds. In 1805 Einhof found them in seeds of rye and 
barley. It is one of the groups best characterized in either plants or 
animals. They dissolve in 70-90% alcohol, and are precipitated by con- 
centrated alcohol (95% or above) or dilute alcohol (50% or below). 
Osborne proposed to call this group the prolamines because all its mem- 
bers thus far hydrolyzed yield large quantities of proline and amide 
nitrogen. 

Examples of the prolamines are: 

Gliadin found in wheat {Triticum vulgar e). 

Hordein of barley {Hordeum viilgare). 

Zein of maize {Zea mays ) . 

In plants no representatives of albuminoids, histones, or protamines 
have been found. 

2. Conjugate proteins may be classified as follows: 

a. Nucleoproteins. 

b. Glucoproteins. 

c. Chromoproteins. 

{a) Nucleoproteins. These are among the most important constituents 
in the cells of animals and plants. They make up the larger part of the 
chromatin material of nuclei. Hoppe-Seyler obtained a preparation from 
yeast similar to the nucleoproteins obtained from animals. The constitu- 
tion of the nucleoproteins may be represented as follows: 
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Nucleoprotein 

I I 

Protein i Nuclein 

I i 

Protein 2 Nucleic acid 

I I 

Phosphoric Carbohydrate Purine 

acid (pentose, base 

ribose) 

The constitution of the nucleic acid of plants is represented as follows: 
0~H 


O^P — 0 — d-ribose guanine 

I 

0 


0=P — 0 — d-ribose adenine 


0 

I 

0=P — 0 — d-ribose uracil 

1 

0 

1 

0=P — 0 — d-ribose cytosine 

i 

OH 


It should be noted that the characteristic groups of nucleic acid are 
the pyrimidine nuclei of cystosine and uracil and the related purine 
nuclei of adenine and guanine. 


— N— C = 

I I 

=c c— 

I II 

— N— C— 

Pyrimidine nucleus 


-N— c 

I I 

=C C-N 

I II 

-N— C— N-^ 

Purine nucleus 


Evidently purine rings can be synthesized from other protein resi- 
dues even in animals. Purine nuclei are synthesized during the de- 
velopment of the animal egg. They may be formed from arginine and 
histidine. 
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The nucleus is a center of oxidation in the cell. The nucleo proteins 
are characteristic nuclear constituents. The constitution of the nucleic 
acids, having both phosphoric acid and carbohydrate, suggests that these 
substances may be of importance in respiration. 

(b) Glucoproteins. These are proteins containing a carbohydrate 
group. It has not been established definitely that they exist in plants. 
Plant proteins when most highly purified do not give the Molisch test 
for carbohydrates; consequently there is some doubt as to the existence 
of such compounds. Mucin of Dioscorea sp, may be a representative of 
this group. 

(c) Chromoproteins. In this group there are chromatophore bodies 
united with the protein. Phycoerythrin and phycocyanin are examples 
of this class. These proteins are found in the Cyanophyce.® and Rhodo- 

PHYCEiE. 

3. Derived proteins are divided into: 

I. Primary protein derivatives. 

a. Proteans. 

b. Metaproteins. 

c. Coagulated proteins. 

n. Secondary protein derivatives. 

a. Proteoses, 

b. Peptones. 

c. Peptids. 

I. PRIMARY PROTEIN DERIVATIVES. — (d) Proteans. Edestan is an 
example of this group. They may be produced as anhydrides of globulins. 
A small amount of HCl added to edestin forms a substance insoluble in 
NaCl solution. It is not an acid albumin for it is not soluble in a slight 
excess of KOH. All seed proteins give such fractions. Proteans exist in 
small quantity in seeds, due to the acids present there. Edestan gives 
practically the same analysis as edestin. Probably it is formed by the 
loss of water from edestin. These protein anhydrides are important 
physiologically, for they represent forms in which the proteins may exist 
in plants and which may be produced by the action of various agents in 
the cell. 

ib) Metaproteins. These are racemized proteins produced by the ac- 
tion of strong acid and alkali. 

[c) Coagulated proteins. Proteins may be coagulated by various 
agents such as: (i) Alcohol. Plant proteins are less readily modified by 
alcohol than animal proteins. Zein in strong alcohol forms a gel. This 
probably is not true of other alcohol soluble proteins. (2) Heavy metals. 
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These ions produce coagulation, owing to the formation of salts of the 
heavy metals. (3) Heat. Proteins may be coagulated by heat. They 
are difficult to coagulate when in neutral solution, still more so when in 
an alkaline medium. 

If. SECONDARY PROTEIN DERIVATIVES. — ^Thesc substances are hy- 
drolytic products of digestion by acid, or alkali, or enzymes. The groups 
proteoses, peptones, and peptides represent groups of decreasing com- 
plexity. Peptic digestion gives chiefly proteoses and peptones. Tryptic 
and ereptic digestion gives amino acids by the cleavage of these primary 
digestion products. Proteoses are precipitated by saturated (NH4)2S04 
solution, peptones are not. 


The distribution of the fractions of the protein of whole wheat is as 


follows: 

Per cervt dry wL 
4.68 
3-0 
.62 'I 

.39 ^ Probably mainly from the embryo 
.21 J 

Embryos only of wheat 
Per cent dry wL 


Glutamin o 

Albumins 10 

Globulins 5 

Proteose 3 


Glutamin 
Gliadin (ale. sol.) 
Globulin 
Albumin 
Proteose 


III. Classification of Amino Acids 

The amino acids are the building stones of the proteins. In the whole 
organic world twenty- two amino acids have been recognized. Some of 
these are more common in animals than in higher plants, although thor- 
ough search through the whole plant kingdom might show the presence 
of all of the amino acids. The amino acids are classified as follows: 


I. Aliphatic compounds 

a. Monocarboxylic mono-amino acids 
Glycine, or a-amino-acetic acid 
CH.2NH2COOH 

d-Alanine, or d-a-aminopropionic acid 
CHa— CHNHo—COOH 


d-a-Aminobutvric acid 
H H H 
! I I 

H— C— C— C-COOH 


(questionable) 


H H NH2 
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d-Valine, or d-^-dimethyl-a-aminopropionic acid 

CH3 


:CH-CHNH 2 COOH 


CHa 


1-Leucine, or I-0-dimethyI-a-aminobutyric acid 
CH, 

;;::r::rcH-cH2— CHNH 2 — COOH 
CH3 

d-Isoleucine, or d-/3-methyIethyl-a-aminopropionic acid 
C2H5 H H 


: C~CNH2-~C00H 


CH3 


d-Norleucine, or d-a-aminocaproic acid 

CH3— CH2— CH2—CH2— CHNH2— COOH 
1 -Serine, or l-/ 3 -hydroxy-a-aminopropionic acid 
CH2OH— CHNH2— COOH 
Cysteine, or jS-thio-a-aminopropionic acid 
GH2HS CHNH2 COOH 

b. Dicarboxylic mono-amino acids 

1 - Aspartic acid, or 1 -a-aminosuccinic acid 
COOH— CH2 CHNH-COOH 
Its amide is asparagin 

CONH2— CH2~CHNH2— COOH 
d-Glutamic acid, or d-a-aminoglutaric acid 
COOH— CH2-CH2—CHNH2— COOH 
Its amide is glutamine 

CONH2— CH2— CH2— CHNH2— COOH 
/ 3 -Hydroxyglutamic acid 

COOH-CH2— CHOH— CHNH2— COOH 

c. Monocarboxylic di-amino acids 

d-Arginine, or d- 5 -guanidine-a-aminovaleric acid 

/'NH2 

HN=C 

^NHCHi-CCHj),— CHNH2— COOH 


d. 


Lysine, or a-e-di-aminocaproic acid 

NH2CH2— CH2— CH2-CH2— CHNH2— COOH 
Hydroxylysine, or a-e-amino-jd-hydroxycaproic acid 
CH2— NH2-CH2— CH2— CHNH2— COOH 
Dicarboxylic di-amino acid 
Cystine, or di-(/ 3 -thio-a-aminopropionic acid) 

CH2— S— S— CH2 

I I 

CHNH2 CHNH2 

I I 

COOH COOH 
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2. Aromatic compounds 

Mono-amino monocarboxylic acids 

1 -Phenylalanine, or l-/S-phenyl-a-aminopropionic acid 
CeHsCHr-CHNHs— COOH 

1 -Tyrosine, or l-jS-parahydroxypenyl-a-aminopropionic acid 
H H 

\ / 

HO-C ^C-CHj-CHNHo— COOH 

C— c 

/ \ 

H H 

3. Heterocyclic compounds 

1 -Histidine, or l-^-imidazol-a-aminopropionic acid 

CH=C— CH 2 — CHNH2-'C00H 

I I 

HN/, 

CH 

Imino acids 

Proline, or a-pyrollidine carboxylic acid 
HsC-CH2 
I I 

HsC CH-COOH 

\/ 

NH 

Hydroxyproline 
HO— HC— CHj 
I I 

H^C CH COOH 

\/ 

NH 

1 -Tryptophane, or l-jS-indoIe-a-aminopropionic acid 
CH 
//\ 

HC C— C— CH 2 — CH— COOH 


HC C CH 
CH NH 


NH, 
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SYNTHESIS OF PROTEINS 

I. Sources of Amino Acids 

The large number of derivatives of propionic acid should be noted. 
Evidently some three-carbon unit is of importance in the formation of 
these acids. The ease of replacement of OH by NH2 suggests the prob- 
ability of lactic acid derived from carbohydrate cleavage as a precursor 
of these three-carbon amino acids. The animal body possesses the prop- 
erty of forming amino acids by substitution from the corresponding 
hydroxy acid. The ke tonic acids may be utilized similarly. 

II. Ionization of Amino Acids 

The carboxyl groups of the amino acids may form salts with basic 
ions, or with amides, or with amino groups. The basic groups (amino — 
NH2, imide=NH, amide CONH2) may combine with acids. In addition 
there are — OH groups in certain amino acids which may form salts or 
esters. The phenolic — OH groups may form esters and salts. The 
guanidine group is basic and forms salts. One hydrogen of tryptophane 
is very reactive. The — SH group of cystine is very reactive and forms 
esters, thioesters, and ethers. 

III. Amino Acid Content of Proteins 

The great variety of proportions of the different amino acids in pro- 
teins from different plants can be judged from the following table: 


I 

II 

III 

IV 

Albumins 

Globulins 

Gliadins 

Glutelins 

(a) 

ib) ic) 

{a) 



Proteins Leucosin Edestin 

Squash Glycinin 

Wheat 

Zein 

Glutelin 


{wheat) {hemp) seeds {soy- gliadin {maize) {wheat) 
heart) 

THE VEGETABLE PROTEINS 


Glycine 0.9 3.8 0.6 i.o 0.0 0.0 0.9 

Alanine 4.5 3.6 1.7 2.0 9.8 4.7 

Valine 0.2 -f- 0.3 0.7 3.4 1.9 0.2 

Leucine 11.3 20.9 7,3 8.5 6.6 19.6 6.0 
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sag 


/ 

II 

III 

IV 

Albumins 

Globulins 

Gliadins 

Glutelins 

{a) 

(b) ic) 

ia) (b) 



Proteins Leucosin Edestin Squash Glycinin Wheat Zein Glutelin 
{wheat) {hemp) seeds {soy- gliadin {maize) {wheat) 

bean) 

THE VEGETABLE PROTEINS 


Isoleucine 

• > • • 

• . • • 

• • • a 

a a a a 

a a a a 

a a a a 


Phenylalanine. . . 

3.8 

2.4 

3-3 

3*9 

2.4 

6.6 

2.0 

Tyrosine 

3.3 

2.1 

31 

1.9 

1.2 

3-6 

4-3 

Serine 

? 

0-3 

.... 

.... 

0.2 

I.O 

0.7 

Cystine 


0*3 

0.2 

.... 

0.5 

.... 

0.02 

Proline 

3-2 

1-7 

2.9 

3.8 

13.2 

9.0 

4.2 

Oxyproline 


2.0 

.... 



.... 


Aspartic acid . . . 

3-4 

4.5 

3‘3 

3-9 

0.6 

1.7 

0.9 

Glutaminic acid . . 

6.7 

6.3 

12.4 

19*5 

43-7 

26.2 

23.4 

Tryptophane. . . . 

+ 

+ 

+ 


I.O 

0.0 

+ 

Arginine 

5-9 

II. 7 

14.4 

51 

3-2 

1.6 

4.7 

Lysine 

2.8 

1 .0 

2.0 

2.7 

0.2 

0.0 

1-9 

Histidine 

2.8 

1. 1 

2.6 

‘ 1-4 

0.6 

0.8 

1.8 

Ammonia 

1.4 


1.6 

2.6 

5-2 

3-6 

4.0 


50.2 

61 .7 

55-9 

55-0 

0 

00 

85-4 

59-72 


C olorimetric determinations 


Tryptophane .... 

4.76 

2.48 3.01 

1.66 

0.70-1.09 

0.0 

1.72 

Cystine 

3-29 

0.97 1.38 

1 . 12 

1.42-1.76 

0.8s 

1.46 

Total sulphur. . . . 


0 . 880 

0.710 

1.027 

0.600 


Cystine sulphur. 


0-347 

0.320 

0.619 

0. 212 



The individuality of the protein is determined not only by the number 
and kind of amino acids which it contains but also by the manner in 
which these are joined together. From their reactions it is assumed that 
10-25% of the nitrogen is present in proteins in the amide linkage, 
R — CONH2, and about 60% in peptide linkage. 

TV. Sources of Nitrogen for Amino Acid Formation 

Nitrates and ammonium salts in the soil are the principal source of 
the nitrogen of plants. Of the two groups, the nitrates are by far the 
more important, since in most habitats they are the most abundant form 
of the soil nitrogen which is available to plants. The nitrates may be 
traced from the roots to all parts of the plant. They are especially abun- 




226 


PLANT PHYSIOLOGICAL CHEMISTRY 


dant in rapidly growing regions of the plant where protein synthesis is 
taking place. They are found in leaves, and in some texts of plant physiol- 
ogy the statement is made that the nitrates are built up into amino 
acids and proteins in the leaf. This statement is supported frequently by 
data showing that the disappearance of nitrates occurs in the green parts 
of variegated leaves but not in the white parts which contain no chloro- 
phyl. These data are true, but the differences in reduction of nitrates 
seems to be dependent rather upon carbohydrates which are formed in 
the chlorophyl-bearing areas and not formed in the colorless parts. The 
reduction of nitrates to amino acids may occur in any part of the plant 
in which carbohydrates are undergoing change. Seedlings never exposed 
to light at all still assimilate nitrates and form proteins. The formation 
of protein from nitrates then is dependent upon carbohydrate and is not 
limited to cells which assimilate CO 2 by photosynthesis. When there is 
insufficient carbohydrate formation, as in chlorotic leaves, the nitrates 
may accumulate. Where carbohydrates are in excess, the nitrates may 
be exhausted. Either condition leads to abnormal metabolism. Kraus 
and Kraybill have shown that a number of physiological processes are 
dependent upon a proper balance between the carbohydrates and nitrogen 
constituents or upon the C/N ratio. 

V. Linkages between Amino Acids 

The proteins are synthesized from amino acids which may be joined 

~-C— N— 

together in peptide linkage. || | The peptide linkage be- 

0 H 

tween the amino acids is from the carbon of the carboxyl group to the 
nitrogen of the amino group. Each amino acid contains at least one 
carboxyl group and one amino or imino group. When the peptide link- 
age has been formed there is still left in the molecule one free amino or 
imino group and a free carboxyl group, either of which may react to 
form further condensation products with other groups with the splitting 
off of water. Of all the possible places in the amino acid molecule in 
which the amino group might be situated, the attachment to the a-carbon 
adjacent to the carboxyl group is preferred. In fact, mono-amino acids 
with the amino group in other positions do not occur in plants. When 
once a single amino group has been introduced into the a position, another 
group may be found on the e-carbon as in lysine, a-e-di-aminocaproic 
acid. When amino acids are joined to such a di-amino acid, the resulting 
peptide may have a branched complex carbon chain. In the simpler 
mono-amino acids the linkage is to either the a-amino group or to a 
carboxyl group. There may be branched chains when the linkage involves 
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dicarboxylic acids, or their amides, and amino acids containing the imino 
group (=NH). 



The peptide linkage may be enolized by alkali into a form resistant to 
tryptic hydrolysis=:C N — 


OH H 


H HN 

1 1 

H— C C— C =0 

H H 


H H 


0 =C— C — C— H or 


N— H 

/\ 


1 1 

/ 

NH H 

HaC 


/CH3 

0 =C C— H 

\/ 

N— H 

alanylalanine dimethyldiketopiperazine 

The formation of internal anhydrides other than of the peptide t3:pe 
has been shown to occur in proteins by Abderhalden. The 2:5 diketo- 
piperazine ring hffl has a possible enolic form NH 


RHC 


C =0 


RC 


C— OH 


0 =C 


CHR 



The many physical changes which proteins undergo are probably 
associated with the formation or opening of such anhydride linkages. 
The proteins are evidently very unlike each other both with regard to 
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the nature of the linkage and the kind of the amino acids which they con- 
tain. This multitude of differences which may occur possibly accounts 
for the exceedingly variable types of plants which there are, and for the 
differences in the physiology of the different species which lead to the 
production of so great a number of plant products. 

The really remarkable thing about the relationships of plant pro- 
teins is not that proteins of various great groups are related, but that 
throughout countless ages the syntheses of proteins has always followed 
the same path, producing proteins of the same constitution and precipi- 
tin reactions out of the enormous number of other combinations which it 
is possible to synthesize. These combinations of proteins peculiar to 
certain species of plants, lead to the production of the same types of 
storage products and to the type of metabolism to which each species is 
peculiarly adapted. The number of possible combinations of 22 amino 
acids in proteins is enormous, yet the number of species of plants is rela- 
tively limited. 



CHAPTER XDC 


SYNTHESIS OF PROTEINS— 

I. Synthesis of Protein Constituents 

The proteins are synthesized from exactly the same amino acids 
which they yield on hydrolysis. Emil Fischer (Fig. 47) devised a method 



Fig. 47. — ^Emil Fischer, 1852-1919. 


“The structure of polypeptides as a rule can be drawn directly from synthesis; this holds especially 
for the derivatives of the mono-amino acids, to which principally the investigations have so far extended. 
The stereochemistry of the class is somewhat more complex. With the exception of glycocoll, all amino 
acids that up to the present have been observed in protein materials, and with which we are principally 
concerned in these syntheses, contain an asymmetrical carbon atom. The number of these in the polypep- 
tide corresponds accordingly to the number of amino acids bound in anhydride-like linkage (with the excep- 
tion of glycocoll), and the total number of the individual optical isomers is given by the well-known Van’t 
Hoff formula, 2*^.” 

Untersuchungen iiber Aminosauren, Polypeptide und Proteme. 

of fractional distillation which has been of great value in the identifica- 
tion of protein constituents. The proteins of animals fed upon proteins 
which are deficient in certain amino acids will be found to lack those 
amino acids. The animal body is in many cases unable to synthesize all 
of the amino acids which it requires. It must obtain these amino acids 
already formed from plants either directly or indirectly. Particularly 
is this true of lysine, cystine, histidine, and tryptophane. Evidently 
certain amino acids have particular functions in metabolism and may not 
be replaced by other amino acids. Arginine is especially concerned in 
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cell proliferation. The heads of sperms are especially rich in basic amino 
acids, and it is their function to induce cell division. Cysteine is necessary 
for the formation of glutathione, or glutamylcysteine, a substance of great 
importance in cell oxidations. 


H 

1 

H— C— 



H 

I 

-S-C— H 


I H 

H— C— N— C=0 


H 1 

0=c— N— C— H 


HOOC H— C— H 

I 

H-C-H 

I 

H-C-NH 2 

1 

COOH 


H— C— H COOH 

I 

H— C— H 

I 

H— C— NHj 
4-0 COOH 


2 glutamylcysteine glutamylcystine 


4'H2 

On being oxidized the dipeptide glutamylcysteine, or glutathione, 
is condensed with another molecule to form diglutamyl cysteine or 
glutamylcystine. 

Green plants have the ability to synthesize from inorganic forms of 
nitrogen all of the amino acids which they require. The synthesis of pro- 
tein in plants then is concerned principally with the synthesis of the 
individual amino acids. The condensation of these into protein may be 
brought about by all organisms. Animals when fed free amino acids may 
synthesize their protein from them, and they seem able likewise to manu- 
facture certain amino acids such as glycocoll when they are not present 
in the diet. This indicates that some amino acids are easily formed while 
others may be formed only under the peculiar conditions found in plants 
and which are not found in animals. 

According to Erlenmeyer glycine, the simplest amino acid, may origi- 
nate from glyoxylic acid. Glyoxylic acid is commonly found in plants, es- 
pecially in fruits. It may originate from the reduction of oxalic acid. 
COOH CHO 


COOH COOH 

oxalic acid glyoxylic acid 


Two molecules of glyoxylic acid may react with one molecule of ammonia, 
producing formylglycine, water, and carbon dioxide. The formylglycine 
then reacting with water may form glycine and formic acid. 
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2CH0 

1 

+NH3-> 

CHNHaCHO 

-I-II 2 O “{“CO2 

COOH 


COOH 


glyoxylic acid 


formylglycine 


dCSTHaCHO 

H-HaO-^ 

CH 2 NH 2 

1 

-fHCOOH 

COOH 


COOH 


formylglycine 


glycine 

formic acid 


There is no reason why the combination of glyoxylic acid with ammonia 
may not go directly to glycine and formic acid. 

Since nitrates are the principal nitrogen source for protein formation 
by plants, the reactions which nitrates may undergo may give some idea 
as to how their transformation to amino acids may occur. In the trans- 
formation of nitrate to amino acid the nitrogen is changed from the fully 
oxidized to the fully reduced condition. On exposure to violet light, 
potassium nitrate may be split to oxygen and potassium nitrite. Fre- 
quently nitrates are reduced by simultaneous oxidation and reduction 
with the oxidation of another compound by the Cannizzaro reaction. 
In such reactions Baudisch has shown that iron compounds and magne- 
sium compounds are of importance since they act as catalysts. Potassium 
nitrate may be reduced to potassium nitrite by such reactions. Baudisch 
thought that the nitrite in the presence of methyl alcohol in daylight was 
reduced to the hyponi trite. The methyl alcohol was simultaneously 
oxidized to formaldehyde. The hyponitrite is exceedingly reactive and 
at once forms with the formaldehyde, the potassium salt of formhydrox- 
amic acid. 

KN03“>KN02+0 

KNO2 +CH30H~^KN0 +HCHO +H2O 
KNO+HCHO-^HCOH 

potassium j 1 

hyponitrite 1 1 

NOK 

potassium salt of forrahydroxamic acid 

This is a photochemical reaction brought about only in the presence of 
light. Baly has shown that a variety of substances can be produced from 
formhydroxamic acid. It may lose oxygen and form a compound which 
is to be considered as a hydrate of hydrocyanic acid, HC — OH, which 

11 

N— H 

will condense with more fomaldehyde to produce a labile ring compound 
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HCOH-HCOH, 

\/ 

NH 

which by intramolecular rearrangement may give glycine, 
CH2NH2COOH. Alpha-amino acids have been produced both by Bau- 
disch and by Baly from formhydroxamic acid and formaldehyde under 
the action of ultra-violet light. Formhydroxamic acid, with the produc- 
tion of the intermediate compound HCOH 


may condense with three or four molecules of formaldehyde in the 
presence of ultra-violet light of a proper wave-length to produce pyrrol 
and pyridine derivatives. 

HCOH 

HCOH HCOH // \ 

I I HCOH HCOH 

HCOH HCOH 1 I 

HCOH HCOH 
N 

H NH 


CHCH 

1! II 

CHCH 

V 

NH 


/\ 

HC CH 

II II 

HC CH 

\/ 

N 


HCOH — NH 


C— N 


HCOH HCOH 


H— C CH 

\/ 

NH 


C CH 


CH2 NH 


glyoxalme 


NHj COOH 

histidine 
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Glyoxaline is formed from two molecules of formhydroxamic acid and 
one of formaldehyde. Both this compound and its substituted amino 
acid, histidine, have been found by Baly in the products of the action of 
ultra-violet hght on mixtures of carbon dioxide, water, and nitrates. 

Plants may produce amino acids in parts not exposed to light; in 
fact, they may be produced in plants which have never been exposed to 
light at all. Therefore the line of protein synthesis given by Baly is 
probably not the only one followed in plants. Baly’s scheme requires 
the synthesis of nitrogen to occur in leaves where there is light exposure. 
This is a weak point in his argument, for amino acids are regularly synthe- 
sized in plants without any light exposure. 

The cyanides have long been considered to be of importance as inter- 
mediates in protein synthesis. They may be produced by the reduction 
of nitrates. The hydrate of hydrocyanic acid is one of the intermediate 
compounds in Balyas scheme of amino acid s3nithesis. This might easily 
be formed by the combination of one molecule of water with a molecule 
of hydrocyanic acid. Hydrocyanic acid is commonly found in plants in 
the form of glucosides. The glucosides then may easily yield HCN and 
monosaccharides which could be split to carbon chains of various lengths 
required for the synthesis of the nitrogen bases, equally as well as these 
could be formed from condensation of several molecules of formaldehyde. 
The evidence given by Spoehr that formaldehyde is not produced in 
plants by photosynthesis would indicate that Baly’s scheme of reactions, 
although capable of producing amino acids, may not be followed in 
plants. Baudisch held that the synthesis of amino acids, although carried 
out in darkness, might still be a photochemical process in the main reac- 
tion and that the reactions in darkness might be abnormal. This could 
certainly not be true of fungi which function normally in darkness. 
Evidently the process is not necessarily photochemical. The greater 
synthesis of protein in leaves under illumination may be dependent merely 
upon the carbohydrates produced thereby. 

II. lonizaiion of Protems 

Proteins may ionize either as cations or as anions, owing to the pres- 
ence of basic groups either amino ( — NH2), imino (=NH), or amide 
( — CONH2), and because they possess free carboxyl groups, — COOH. 
The electrical charge on the ionized protein is determined by the 
hydrogen-ion concentration of the solution in which it is dispersed. The 
point on the pH scale at which equal numbers of molecules of protein bear 
positive and negative charges is known as the isoelectric point. For basic 
proteins the isoelectric point is on the alkaline side of neutrality, for acid 
proteins on the acid side. The cell sap reactions of most plants is slightly 
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acid, only a few showing alkaline reaction. The acid range of most cells 
covers the range of the isoelectric points of the albumins and globulins. 

The basic proteins, the histones, and protamines are not strongly 
represented in plants. These proteins are high in di-amino acid content. 
The approximately neutral proteins, albumins and globulins, are prom- 
inent in plant protoplasm. These have fairly high content of di-amino 
acids, balanced by equally high content of dicarboxylic amino acids. 
The phosphoproteins are especially acidic in character because they 
have a high content of dicarboxylic amino acids. The isoelectric point 
of the protein then is an important indication of its constitution. 

The isoelectric point of proteins is of importance in cell activities 
because it is found that at this hydrogen-ion concentration the protein 
shows a minimum swelling, minimum solubility, maximum viscosity of 
its solutions, and maximum instability toward electrolytes. At the 
isoelectric point proteins are most easily precipitated by alcohol. The 
isoelectric point varies greatly for various proteins. It seems that the 
protoplasmic acidity is not usually far from the average isoelectric point 
of the proteins. Possibly the ionization of the protein as cation or anion 
is associated with the uptake of other ions from solutions by the cell. In 
tissues there seem to be demonstrable differences between the acidities 
of certain cells and even of different parts of the same cell. It would seem 
that the basic or acidic ions of salts, dyes, etc., should be taken up by 
different proteins of the cell, depending upon the acidity of the region 
concerned. This is commonly demonstrable in tissue staining. Changes 
of acidity in parts .of the cell should lead to redistribution of the salt 
and other constituents of the cell. The intake or excretion of water is 
probably also regulated by the responses of the proteins to changes in 
acid or salt content. 


III. Size of Protein Molecules 


The size of the protein molecule is rather difficult to determine. Esti- 
mates by the method of freezing-point depression and by osmotic pressure 
measurements indicate a very large molecule. Adair found for hemoglobin 
a molecular weight of 67,000. Sorensen found that the colloidal particles 
of egg albumin were single protein molecules having a minimum molecular 
weight of 33,800. An indirect method of determining the size of the mole- 
cule is by determinations of sulphur, iron, or other groups. Minimal com- 
bining weights of the proteins are given in the following table: 


Protein 

Zein 

Gliadin 

Edestin 

Glutenin 


Minimal combining weight 
19,400 
20,700 
29,000 
36,300 
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CLEAVAGE OF PROTEINS 
I. Protein Analysis 

A good method to learn the constitution of the proteins is to determine 
the relative proportions of the constituent amino acids. Protein hydroly- 
sis by acids yields the constituent amino acids in condition for a fairly 
high percentage recovery by analysis. Applications of the methods of 
Van Slyke, Hausmann, Foreman, Dakin, Schryver, and E. Fischer have 
3delded very important results on the composition of proteins. 

The early methods of E. Fischer involved the separation of the mono- 
amino acids by esterification and fractional distillation. Although such 
fractional separations are by no means as quantitative as desired, better 
methods for the estimation of the mono-amino acids have not been de- 
vised. 

The method of Van Slyke for the estimation of the mono-amino and 
di-amino acids by their reactions with nitrites in acid solution is of great 
value and is quantitative. The formol titration methods of Hausmann 
have been much used in the estimation of the different protein fractions. 

Dakin’s method leads to the separation of the protein units into five 
groups. These are: 

1. The mono-amino acids, extracted by butyl alcohol, but insoluble in ethyl 

alcohol. 

2. Proline, extracted by butyl alcohol, and soluble in ethyl alcohol. 

3. Diketopiperazines, extracted by butyl alcohol, but sparingly soluble in 

ethyl alcohol or in water. 

4. Dicarboxylic acids, not extracted by butyl alcohol. 

5. Di-amino acids, not extracted by butyl alcohol, but separated from (4) 

by precipitation with phosphotungstic acid. 
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The method is summarized below: 


Protein 


Boil for 10 to 1 6 hours with 
10 times its weight of 25 per 
cent sulphuric acid. 


Amino acid mixture 


Dilute and neutralize with 
baryta. Filter, concentrate 
moderately. Filter again to 
remove tyrosine. 


Filtrate 


Separation of 
tyrosine. 


Neutralize to litmus, con- 
centrate till leucine begins 
to separate. Remove to ex- 
tractor. Extract 36 hours. 

Filter. i 

Groups (i), (2) and (3) 
in extraction vessel. 
Group (3) separates 
slowly on standing. 

Filter off diketopipera- 
zines. Evaporate to dryness. ^ 

Take up with ethyl alcohol. 

Proline 


(4) and (s) in 
residue. Separate 
withphosphotung- 
stic acid. 


Residue of mono- 
amino acids. Separate 
by esterification. 


Kingston and Schryver make use of the property of amino acids when 
dissolved in aqueous alcohol of forming with barium hydroxide and car- 
bon dioxide crystalline carbamates of the type 


'NH3 CO3H 


HCO3NH3 


The method is said to be adaptable to small quantities of material and 
to give accurate estimations of glycine, dicarboxylic, and di-amino acids, 
proline, and hydroxyproline. 
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A summary of the method is given below. 

Gelatin 

i Hydrolysis with H-iSOi 
Amino acid solution 

baryta 


L Precipitate 

Barium aspartate 



11. Precipitate 

Barium dicarboxylates 



Precipitate' 

Barium carbamates 
extraction with ice- 
cold water 


III. Precipitate * 

Barium carbamates 
boiling water 

4 

Glycine 


V. Precipitate-^- 
Di-amino acids 


Filtrate 

Solution_of barium salts 
-f alcohol 



Filtrate 
Solution of barium salts 

-h CO2 + baryta 

Filtrate 
Peptide (?) 

hydrob^sis 

IV. Proline 

'i 

Filtrate 

Solution of carbamates 
I -h heating 

Amino acid solution 

phosphotungstic acid 

i 

VI. Filtrate 

Mono-amino acid solution 
evaporation 


(a) Crystalline pre- 
cipitate. Leucin 


(c) Precipitate containing - 


alanine 
phenylalinine 
hydroxy proline 
leucine (remains of) 


Syrup 

+ absolute 
alcohol 

(b) Filtrate 

i 

Proline 


II. Proteolytic Enzymes 

The hydrolysis of the crystalline proteins of seeds by the enzymes 
naturally occurring in plant tissues has yielded important information 
on the larger groups in the protein molecule. There are three classes of 
proteolytic enzymes found in plants. These are the peptases, tryptases. 
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and ereptases. Peptase acts upon natural protein and cleaves it to pro- 
teoses and peptones. Peptase has no action on peptones or peptides. Ac- 
cording to Abderhalden, the natural proteins possess a cyclic structure 
like that of the piperazine ring. NH It seems that the action of the 


HC C=0 

I I 

HC CH 

O NH 

peptases is to cause cleavage in this ring. Peptases do not act upon the 

— C— N— 

peptide linkage || I . The proteoses are early products of protein 
0 H 



Peptase Autolysis Tryptase Ereptase 


Fig. 48. — Activity of yeast proteases at various pH. (After Dernby.) 

cleavage and represent large aggregates. They give the biuret test. The 
peptones are products of further cleavage which still give the biuret test. 
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Proteoses and peptones are found in plants, particularly during germina- 
tion in seeds which are rich in protein. They are rather large aggregates 
of sufficiently high molecular weight to male them almost indiffusible. 
They are not important as translocation forms of protein since they 



pH 

Fig. so. — Relation of the acidity to the activity of proteases on various substrates. (Northrop.) 

diffuse scarcely further than a few cells without cleavage to their constit- 
uent amino acids. The ereptases act upon peptones to produce amino 
acids. The tryptases give as end-products polypeptides and amino acids. 



pH 

Fig. 51. — Relation of the acidity of the medium to the activity of malt protease. (After Adler.) 


There are many plant tissues which contain very active proteolytic 
enzymes. The pawpaw fruit {Carica papaya) contains active proteolytic 
enzymes. The papain of commerce is prepared from this fruit. The 
pineapple fruit has very active proteolytic enzymes. 
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The acidity required for the action of these proteases is considerably 
different, as shown by the graphs (Figs. 48, 49)- Pepsin of animal origin 
requires a strongly acid medium and shows a maximum activity at about 
pH 2 (Fig. 50). Peptic action in plants may proceed at lower acidities 
(Figs. 51, 52). Trypsin shows a maximum activity at about pH 7. 



Pjj 4 5 6 7 8 9 10 


Fig. 52 “Relation of the acidity to the activity of papain (i) and papain-HCN (2). (After Willstiittcr.) 


Ereptase acts in a still more alkaline medium, showing a maximum activ- 
ity at pH 8. 

If the hydrolysis and synthesis of proteins can be represented gen- 
erally by the scheme 

(2) _ (i) 

anhydride polypeptide ^ amino acids 

(3) 

the following possibilities suggest themselves: 

That acids catalyze reactions (i) and (3); reaction (2) only to a very 
slight extent. 

That erepsin (and probably trypsin) catalyzes reaction (i); reaction 
(2) rather more than acid; reaction (3) not at all. 
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That pepsin has no catalytic effect on (i), but a marked effect on (2) 
and (3). 

The conditions which determine the direction of the reaction whether 
to synthesize or to hydrolyze proteins is dependent upon the acidity of 
the medium and upon the presence of water. Desiccation of cells favors 
protein s}mthesis. The absorption of water by dry seeds favors protein 
hydrolysis. 

The formation of proteins from their constituent amino acids seems 
to be brought about by the same enzymes which cause proteolysis. The 
action of pepsin is to accelerate the establishment of equilibrium in the 
reaction: protein^polypeptide. At pH 1.7 the equilibrium point is 
reached when the protein is nearly all hydrolyzed. However, if the 
acidity is readjusted to pH 4.0 there will be resynthesis of protein demon- 
strable in three days. This protein can be precipitated by trichloracetic 
acid, whereas the digestion mixture of peptides was not precipitable be- 
fore the acidity was decreased. It seems possible then to get either syn- 
thesis or hydrolysis merely by shifting the acidity of the medium when 
pepsin is present with a protein. In like manner the synthetic action of 
trypsin can be demonstrated. At pH 5.7 tr3q)sin catalyzes the formation 
of anhydride from polypeptides produced by peptic digestion in the re- 
action: anhydride— >polypeptide-^amino acid. At pH 8, however, the 
principal action is to cause the cleavage of pol^’peptide to amino acids. 
At pH 5.7 also there is some cleavage of polypeptide to amino acid coinci- 
dent with the synthesis of higher anhydride. 

III. Protein Decomposition 

In the decomposition of protein by cells, there may be a removal of 
the carboxyl groups or of the amino groups or of both. Decarbo.xylation 
produced by certain bacteria may lead to the production of organic 
amines which are usually substances with strong offensive smell and 
frequently with marked physiological effect. If ingested with food, these 
amines may be the cause of severe poisoning. In bacterial deamination the 
organic acids produced may cause sourness, or offensive odors if butyric 
acid is produced. When both decarboxylation and deamination occur, 
free hydrocarbons are produced, which generally are harmless but have 
unpleasant odors. Such reactions are produced characteristically under 
anaerobic conditions. 
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GENERAL PROTEIN METABOLISM 

I. Transformation of Protein to Carbohydrate 

Carbohydrates may be formed from protein. Most of the work on 
these transformations has been done by animal-feeding experiments. 
The nitrogen free parts of glycocoll, alanine, aspartic acid, and glutamic 
acid containing 2, 3, 4, or 5 carbon atoms may be completely or partially 
transformed to d-glucose. AU of the glycocoll and alanine may be so 
transformed, while three of the carbon atoms in aspartic and glutamic 
acids may be so converted. 

The first step in the transforniation of amino acid to carbohydrate is 
a hydrolytic deamination in which ammonia is split off and an hydroxyl 
group or a ketonic group added to the denitrogenized amino acid. 

CH3 CH3 CH3 

1 I I 

2HCNH2+0^2NH3+2C=O^2CO->C6HiA 

I I I 

COOH COOH CHO 

pyruvic acid melhyl glyoxal 

CH3 CHs 

1 I 

2CHNH2 +H20^2NH3 +2CHOH^C6Hi A 

I I 

COOH COOH 

alanine lactic acid 

Deamination is an important activity of cell life. Glycocoll by deamina- 
tion then gives glycolic acid which on reduction yields glycolic aldehyde, 
three molecules of which may form one molecule of d-glucose. 
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CH2NH2 CH2OH 3CH2OH 

3 I +H20->3 I — ^30-^ I -^CeHiaOe 

COOH COOH CHO 

COOH COOH 


2CH2 2 CHa C6H12O6 

1 1 d-glucose 


2 


CHNH2+H20 

CH2OH 

1 

jS-lactic acid 

COOH 

aspartic acid 

2CO2 

COOH 

COOH 

0 1 

j 

CH2 

2 1 

CHs 

i +4H2O 

acetic acid 

CH2 

CH2OH 

CHNH2 

CHOH-20^C6Hi206 

COOH 

1 

COOH 

glutamic acid 

glyceric acid 


Serine, proline, ornithine, and arginine all may yield large amounts of 
sugars. Arginine is the only amino acid with more than five carbon atoms 
which yields glucose freely. Here the sugar probably comes from the 
ornithine part with five carbon atoms into which arginine may be con- 
verted by the enzyme arginase. Lysine is the only straight-chain amino 
acid which fails to yield sugar. 

The production of carbohydrate from protein is not of as much im- 
portance in higher plants as in bacteria and animals. The tendency in 
plants is to stop the decomposition of protein at the stage of amides 
asparagine and glutamine. These amides are to be considered as the 
typical nitrogen residues from protein decomposition in plants. In 
animals the more common nitrogen residue is urea, 
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II. Oxidative Deamination 

The first step in oxidative deamination of amino acids may be repre- 
sented as follows: RCH2CHNH2C00H+02“^RCH2C00H+C02+NH3 


CHs CHs 
\/ 


CH3 CH3 


V/ . 

CH 


CH +CO2- 

CH2 4-O2 

- 

j 

CH2 

1 

CHNH2 

1 


1 

COOH 

1 

COOH 

leucine 


isovaleric acir> 

CH3CH3 

CH3CH3 

CH3CH3 

\/ 

\l 

\/ 

CH 

13 CH 

c=o 

1 

NH3+CH2 

1 

1 

a CH2 

acetone 

c=o 

I 

COOH 

CH3 

1 

1 

COOH 

COi 

1 

COOH 

ketonic acid 


acetic acid 


Tyrosine, phenylalanine, and tryptophane which contain benzene 
nuclei may be disintegrated in the organism to straight-chain compounds. 
On oxidative deamination phenylalanine is changed to phenylpyruvic 
acid, a compound which is probably of importance in respiration. 

Phenols and compounds containing phenolic rings have been shown 
to be acceptors of oxygen. There is a group of phenoloxidases in plants, 
which are capable of inducing the oxidation of phenolic compounds. This 
indicates that the phenolic compounds may serve as carriers of oxygen 
and thus may stimulate respiration. The relation of tyrosine and other 
such cyclic amino acids to the formation of hydroquinone and related 
compounds is obvious. 
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COOH 


COOH 

1 

COOH 

1 


1 

CHNH2 

1 


1 

C=:0 

1 

1 

c=o 

1 


CH2 

1 


1 

CH2 

1 

1 

CH2 

1 

/"X 

X 


1 

c=o 

1 

HC 

CH 

HC 

CH 

CH3 

ll 

1 

11 

! 

diacetic acid 

HC 

.CH 

HC 

CH 





H H 

phenylalanine phenylpyruvic acid 

OH OH OH 



CHNHs C=0 


c=o 


COOH 

tyrosine 
p-o\yphenyl 
a-aminopropionic acid 


COOH 


p-oxy phenyl 
pyruvic acid 


By CO. 
cleavage 
OH 


COOH 

hydroquinone 
pyruvic acid 



COOH 

homogentiaic acid 
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According to Lusk, some of the amino acids even v^hen they are not 
completely oxidized may yield products of metabolism, either hydroxy or 
ketonic acids which act as stimulating substances to induce higher oxi- 
dation in the organism. In this way they may be of significance in con- 
trolling the rate or extent of cellular metabolism. The stimulating sub- 
stances formed may be such things as phenylpyruvic acid. 

III. Origin of Amino Acids 

It seems common that glycocoll may originate from the cleavages of 
ammrv adds with longer carbon chains. The synthesis of glycocoll is evi- 
dently not difficult. The formation of amino acids from carbohydrates 
is not so well known as the reverse reaction. The close relationship be- 
tween lactic acids and the carbohydrates on one hand and between lactic 
acid and alanine on the other hand suggests a ready means of amino acid 
synthesis from carbohydrate through the intermediate steps of lactic 
acid and ammonium pyruvate. 

Alanine, phenylalanine, and tyrosine may be synthesized from am- 
monium salts of ketonic acids 

/OH 

RCHsCOCOONHi-^RCHaC— COOH 

^NH2 

ammonium salt of ketonic acid imino acid hydrate 

RCH2CHNH2COOH 

amino acid 

IV. Asparagin and Amino Acid Inter conversion 

Asparagin in plants may be the source of nitrogen for complete protein 
synthesis. Sachs held the idea that protein could be formed from aspar- 
agin by the simple addition of fatty aldehydes. Loewi thought that in the 
presence of carbohydrates protein was formed from asparagin by a series 
of condensations. It is very probable that asparagin is an important 
intermediate in protein building. In plants it is a princijm! translocation 
form, being preferred over all other amino compounds. The distribution 
of asparagin in the cotyledons and hypocotyls of germinating lupine seed 
shows its importance as the translocation form of protein. In the axis 
asparagin represented 31.81% of the dry weight while in the cotyledons 
it represented 7.62%. In the cotyledons asparagin represented 22.7% 
to 26.2% of all of the amino acids; in the hypocotyl it represented 78.1% 
to 80.1% of all the amino acids. Evidently the amino acids produced by 
the cleavage of storage protein in the cotyledons are not translocated 
far as such, but are soon transformed to asparagin. Asparagin is found 
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abundant in plant parts in proportion to the abundance of leucine and 
glutamic acid. It probably originates from these amino acids, both of 
which are important cleavage products of the proteins, through oxidation 
to aspartic acid. For most amino acids the gradient of concentration in 
the germinating seed is from highest concentration in cotyledons to low- 
est concentration in the growing axis. For asparagin the gradient is 
exactly reversed, the highest concentration being in the axis and the 
lowest in the cotyledons. This indicates that asparagin is a secondary 
or possibly waste product produced after the, primary protein cleavage 
into amino acids. Asparagin has been said to be the nitrogen waste of 
plants and comparable to the urea of animals. 

Asparagin formation is favored by high oxygen concentration. This 
indicates that it is a product of protein oxidation. Asparagin may be 
easily demonstrated in the germinating seeds of legumes and also in 
many other seeds by the formation of marine blue crystals of copper 
asparaginate on the addition of copper acetate solution to sections of the 
tissue. 

Under abnormal conditions for growth, such as in the exposure of 
seedlings to the air of laboratories containing ethylene and other gases, 
there is found a great accumulation of asparagin in the seedlings. Ethyl- 
ene greatly increases the oxidation rate in tissues exposed to it in even 
low concentrations. Priamscharikow gives the following analysis of the 
asparagin content of seedlings grown in laboratory air. 


LABORATORY AIR PURE AIR 

Days Cotyledons Axis Cotyledons Axis 

5 238 .445 .212 .231 

10 297 .524 .165 .217 

15 348 .625 .140 .289 


V. Proteins of Seeds 

The cereals have large amounts of prolamines which give much pro- 
line on hydrolysis, and large quantities of glutamic acid and ammonia. 
The proteins of wheats, rye, and barley contain but little lysine and not 
much arginine or histidine. The proteins of the legumes are relatively 
rich in lysine. 

In general the proteins of a certain genera of plants may be very sim- 
ilar, but the proteins of the great groups of plants show wide variations 
in their constituents. The differences in the proteins stored in the seeds 
of different families of plants must certainly have a profound influence 
upon the development of the embryos which derive their protein from 
that stored by the parent plant. The dev^elopment of animals is pro- 
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foundly influenced by the proteins contained in the' diet, yet plants seem 
more able to synthesize amino acids so that the embryo should not be 
entirely dependent upon the storage protein of the seed. However, the 
nature of the chemical processes going on in the metabolism of the young 
plant will necessarily depend upon the kind of protein stored. The pro- 
teins of plants are highly specific, and, indeed, the genetic relationships 
between plants can be shown by serological reactions (Fig. 46). 

VI. Protein Storage in Seeds 

During the process of protein storage in seeds, asparagin is in greater 
abundance than any other amino acid. Other amino acids, particularly 
tyrosine and leucine, can be traced moving into the seed, but they are 
present in much smaller quantities than asparagin. On reaching the seed 
there seems to be a transformation of at least part of the asparagin into 
other amino acids, although in seeds there is usually found a high content 
of amide nitrogen. Nitrogen may move into the seed also in the form 
of nitrates and ammonium salts. It has been well established that there 
is a marked decrease of non-protein nitrogen in seeds during the process 
of ripening, with a simultaneous increase in protein nitrogen. 

The condition in ripening seed of Lupinus vulgaris is a good example 
of this transformation. Protein nitrogen at the beginning of seed forma- 
tion represented 0.204 gm. which later increased to 1.804 gnis., while the 
non-protein nitrogen remained fairly constant in quantity. In Lupinus 
angustifolius, Wassiluff found in the unripe seed 30% non-protein nitrogen 
made up of 14% free amino acids, 9.8% asparagin, and 6.7% organic 
bases, while in the ripe seed there was no free amino acids, no asparagin, 
and only 5% of organic bases. In Robinia pseudacacia the unripe seed 
contained 25% non-protein nitrogen of which 20% represented amino 
acids, which on ripening of the seed were condensed to protein. 

In a study of nitrogen transformations of pea seed, Zaleski showed 
clearly that the non-protein nitrogen is transformed into protein. He 
used the cotyledons of peas, determining the distribution of nitrogen in 
one-half as a control and analyzing the other half after storage for five 
days. This avoided the entrance of new materials through the placenta. 



Control 

Stored 5 days 

Protein nitrogen 

79-2 

89 . 2 

Amino acid nitrogen 

8,7 

4.6 

Organic base nitrogen 

10.8 

5-6 

Other nitrogen compounds 

1-4 

.8 


In ripening there is evidently an increase in protein nitrogen at the 
expense of all of the other forms. Eckerson in a study of the ripening of 
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wheat demonstrated the movement of non-protein nitrogen into the seed 
and came to the conclusion that the desiccation accompan3dng ripening 
was responsible for the formation of protein from other nitrogen com- 
pounds undergoing translocation into the seed. 

In the process of protein formation in ripening seeds, practically all 
of the amino acids can be demonstrated. Evidently all of the building 
stones necessary for the formation of protein are synthesized in the seed 
from the substances translocated into it from the stem. The carbon chains 
of the amino acids are no doubt derived from carbohydrates. The phos- 
phorus comes into the seed as phosphate. The nitrogen moves into the 
seed either as nitrate, ammonium salts, amides, or amino acids. 

XXI. Protein Catabolism 

The end-product of protein catabolism is generally ammonia. In 
this regard plants differ from animals in which the principal protein 
residue is urea. In plants urea has been found in fungi, especially as in 
the species of Lycoperdon, and in some quantities in flowering plants. 
In Lycoperdon urea may represent from i to 10% of the dry weight. Urea 
is produced from arginine by the action of arginase. 

NH=:C(NH2)NH— CH2-~CH2— CH2— CH(NH2)— C 00 H+H 20 -> 

arginine 


NHs— CONH2+NH2— CH2— CH2— CH2— CHCNHs)— COOH 

urea ornithine 

Arginase is present generally in plants. Urea is also produced from other 
amino acids. Urea is decomposed by the enzyme urease, with the produc- 
tion of ammonia and CO2. 

NH2 

C —0 -I-4H2O — =*^2NTl40H +H2CO3 

NH2 

urea 

Urease is almost universally distributed in plants, so that if urea should 
be produced in plants as it is in the catabolic process of animals, the 
urea would not accumulate to high concentrations on account of its de- 
composition to ammonia by urease. Urease has been produced in crystal- 
line form from the jack-bean. 

The ammonia produced by protein catabolism is used again for the 
synthesis of amino acids, using the energy and carbon chains derived 
from carbohydrates for the resynthesis. 



PLANT PHYSIOLOGICAL CHEMISTRY 


A number of the simpler nitrogen bases such as the alkaloids, espe- 
cially those of the caffeine series, caffeine, theine, and theobromine, and 
other compounds related in structure, may be products of protein catab- 
olism. The adenine and guanidine groups of the nucleic acids under the 
action of the o.xidoreductase emyme, xanthoxydase, split off ammonia 
and are transformed into xanthine bases. 


N=C- 


HN— C=0 


HC C-NH -t-HjO 

II 11 ^CH 

N— C— N 

adenine 


HC C~NH +NH 3 

II II ^CH 

N— C— N 

hypoxanthine 


HN— c=0 


HN— c=o 


NH 2 C C-hra +H 2 O 0=C C— NH +NH 3 

II II ^CH I II 

N— C— N HN— C— N 

guanidine xanthine 

Theobromine is 3, 7-dime thylxanthine. Theine is i, 3*dimethylxan thine, 
and caffeine is i, 3, 7-trimethylxanthme. 

Generally in plants the amino acid residues are again built up into 
amino acids whenever carbohydrates are available for the resynthesis. 
But under the action of bacteria and fungi and under abnormal condi- 
tions of metabolism, part of the amino acid may produce basic nitrogen 
compounds. 

Glycine and serine may give rise to amino-ethyl alcohol. 


HC — C 


H 

Hd— C — OH 

1 '^OH 


1 "^H 

HNH 


HNH 

glyciae 


amino-ethyl alcohol 


Glycine may give rise also to betaine on methylation. 


I \ 

OH 

H H 

glycine 


4-3CH30H-» CHs CHs CHj 

^N^CHj— C = 0 
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Choline may be produced from amino-ethyl alcohol; and its aldehyde, 
muscarine, may be similarly produced. Probably neurine is derived from 
these compounds. 

H0N=(CH3)3 H0N=(CH3)3 H0N=(CH3)3 

I 1 H 1 

CH 2 -CH 2 OH CHa-C^ HC=CH2 

choline muscarine neurine 

Choline is a constituent of all plants, and is non-poisonous. Musca- 
rine is found in some fungi, particularly in \htpoisoriOXis Amanita muscaria, 
Neurine may be produced by bacterial action and is particularly abun- 
dant in decomposing brain tissue. 

In similar manner under conditions favoring methylation, other amino 
acids produce compounds related to these substances. Proline gives rise 
to stachydrin, and tryptophane may produce hypaphorin. 



N O N CH 3 CH 3 CH 3 


slachydnn bypaphorm 

Leucine may produce isoamylamine. 

(CH 3 ) 2 =-CH— CH 2 — CHCNHa)— C00H-5> 

(CH3)2= CH— CH 2 — NH 2 4 -CO 2 

leucine 

Valine may produce isobutylamine. 

(CH 3 ) 2 =CH=CH(NH 2 )— C00H-^(CH3)2=CH— CH 2 NH 2 

valine isobutylamine 

These compounds are of especial interest because they are highly poison- 
ous and may be produced in foods by bacterial action, especially under 
anaerobic conditions. 
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PHOTOSYNTHESIS 

CHAPTER XXri 

MATERIAL EXCHANGE IN PHOTOSYNTHESIS 

The major part of the reduction of carbon in the organic world takes 
place through photosynthesis, which is dependent upon the absorption 
of light by chlorophyl. The reduction of carbon by the use of energy 
liberated in the oxidation of such reduced substances as iron or sulphur in 
chemosynthetic processes, although it may have been of great importance 
in early stages of evolution and still is of importance in the metabolism 
of bacteria, yet does not lead to the production of such large quantities 
of organic substances as are produced in photosynthesis by green plants. 
Possibly other pigments than just chlorophyl take part in photosynthe- 
sis. Bacteriopurpurin has been stated to be a photosynthetic pigment in 
the purple sulphur bacteria which are devoid of chlorophyl. It is not 
just certain that other pigments such as carotinoids may not function in 
photosynthetic processes. But the principal process for the storage of 
the energy of light as chemical energy for the use of plants and animals is 
the photosynthesis of plants which contain chlorophyl. 

I. Definition of Photosynthesis 

Photosynthesis may be defined as the process whereby plants absorb 
carbon in the fully oxidized condition and reduce it by the absorption of 
light energy. The use of this name for the process is to be preferred to the 
term carbon assimilation, for the latter may not require the absorption 
of light. Chemosynthetic processes occur in plants which lead to carbon 
assimilation, yet these are not photosynthetic processes. Under the term 
photosynthesis should be included all reductions of carbon in which light 
energy is stored in plants, whether the energy absorption and photocat- 
alytic action are due to the presence of chlorophyls or of other substances 
which may absorb light or take part in the process. Photosynthesis may 
be considered as an especial photocatalysis occurring in plants. If the re- 
duction of carbon dioxide or carbonates should be effected outside of the 
plant by the use of light energy, it would be preferable to use the more 
general term photocatalysis for such processes. 

255 
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The photosynthetic process involves the action of physical processes, 
such as the diffusion and solution of carbon dioxide and the products of 
the reaction, and also chemical processes. Part of these processes may be 
carried on without light, heat may be absorbed in some reactions, but 
certainly the energy of light must be introduced before there is any con- 
siderable transformation of radiant into chemical energy. Heat alone 
does not produce photosynthesis; evidently the photocatalysis is con- 
fined to the wave-lengths of radiant energy which are visible as light. 
Blackman found that photosynthesis shows two separate phases; one 
stage is dependent upon light, the other, the Blackman reaction, can 
proceed in the dark. Probably each stage involves several individual 
physical or chemical processes. 

II. Source of Carbon 

The source of carbon for photosynthesis is generally the bicarbonate 
HCO 7 ion although we are accustomed to refer to the carbon dioxide of 
the atmosphere as the source. The atmospheric CO2 is produced from 
the respiration of plants and animals, by the combustion of plant re- 
mains as wood or coal, and by the solution of carbonate rocks. To get 
into the cell, the carbon dioxide must go into solution in the various 
aqueous phases of the protoplast. The acidity in the protoplast is such 
that bicarbonate HCO? is present. If the alkalinity becomes consider- 
able, calcium carbonate will deposit in the cells as a little-soluble pre- 
cipitate. In high cell acidity free carbonic acid may be present. In water 
plants the absorption is mainly from solution, and in the usual water 
supply the bicarbonate will be most abundant. Calcium is usually pres- 
ent in sufficient quantity to precipitate the normal carbonate if the solu- 
tion becomes slightly alkaline (pH 8). (See Graph, Fig. ii.) The acidity 
usually found in the water of lakes and streams is such that calcium and 
other cations are present as the bicarbonates. Acid waters may contain 
free carbonic acid, H2CO3. The production of normal carbonate in the 
water by the removal of bicarbonate ions in photosynthesis frequently 
causes the precipitation of calcium carbonate as an insoluble incrusta- 
tion over the surface of water plants. This can be seen on the surface of 
Chara and Ceratophyllum, 

The concentration of carbonate ions available to the plant is deter- 
mined by the acidity, whether entrance through the cell membrane is as 
dissociated ion HC07or COt or undissociated H2CO3. 

III. Diffusion of CO 2 into the Plant 

The entrance of bicarbonates into the algae and other water plants is 
relatively simple diffusion through the whole surface of the filament. 
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leaf, or stem. The fully im- 
bibed cellulose wall is easily 
permeable to carbonates. 
In land plants the only 
parts in contact with car- 
bonates in solution are the 
roots. The entrance of car- 
bonates into the plant from 
the soil is of little or no 
importance for the photo- 
synthetic process. The 
principal absorption is by 
the leaves and stems. Stems 
which carry on photosyn- 
thesis are provided with 
openings for gas exchange. 
There are frequently long 
continuous passages for 
gases in stems. The structure of leaves is generally such as to provide 
for gaseous exchange with the atmosphere. The leaf is arranged with 
large interconnecting intercellular spaces providing for free gaseous dif- 
fusion. The leaf surface may be covered with enormous numbers of 
small openings called 
stomata, which open di- 
rectly into the intercellu- 
lar spaces within the leaf. 

Stomata may be present 
on both sides of the leaf, 
but they are usually more 
abundant on the surface 
away from the sun's ex- 
posure. In some plants 
stomata may be found on 
the under side of leaves 
only. The open stomata 
provide for the entrance 
and exit of gases, espe- 
cially the entrance and 
exit of CO2, O2, and water 

vapor. The entrance and PiC. — Condition of upper (outer) and lower (inner) 
exit of these Ofases are con— stomata of potato, x 340, at each hour of a 24-hour day, to- 
° gether with curves for sunlight, temperature, and humidity. 

trolled to a great degree (After Loftfieid.) 




Fig. 53. — Stomata of onion, X 240, and factors during a 24- 
hour day. (After Loftfieid.) 
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by the opening or closing of the stomatal pores. This is especially con- 
cerned with the regulation of water loss from the leaf by transpiration. 
The daily march of the stomatal opening and its relation to temperature, 
light, and humidity are shown in Fip. 53 and 54. The function of the 
movable guard cells of the stomata is to prevent excessive evaporation 
into an unsaturated atmosphere or the attendant desiccation of the leaf 
cells. The closing of stomata to prevent water loss also stops the direct 
diffusion of CO2 and O2 through them. The stomatal regulation is a 
necessary evil as far as the photosynthetic process is concerned. On closing 
these direct paths for gaseous diffusion, photosynthesis is interfered with, 
owing to the slower rate of diffusion of CO2 and O2 through the cuticle. 
The absorption of CO2 through the cuticle may be so slow as to limit the 
photosynthesis. Practically all of the CO2 for photosynthesis enters 
through the stomata. The relative amount of carbon dioxide taken in by 
the upper and lower surfaces of leaves is practically proportional to the 
number of stomata on the two sides (Table 19). 

Table 19 

ASSIMILATION OE CARBON DIOXIDE BY THE TWO SURFACES OF LEAVES 

(Data from Brown and Escombe) 


CO2 assimilated 
Leaf in c. c. 

Time area Upper Lower Stomatic Assimilation 
Species in in sur- sur- ratio ratio 

hours sq.cm, face face Upper: Lower Upper: Lower 


Colchicnm speciosim . . 

5 

75 

59 

44 

4 

34 

3 

26 

100 

119 

100 

72 

Senecio macrophyllus . . 

4 

75 

28 

27 

3 

90 

3 

60 

100 

126 

100 

92 

Senecio macrophyllus . . 

4 

25 

28 

27 

5 

80 

4 

20 

100 

126 

100 

72 

Rumex alpinus 

5 

0 

59 

44 

5 

70 

8 

90 

100 

269 

100 

144 

Rumex alpinus 

5 

5 

59 

44 

7 

50 

9 

81 

100 

269 

100 

130 

Nuphar advefiwn 

2 

0 

76 

97 

2 

20 

0 

00 

100 

0 

100 

0 

Catalpa bignonioides . . 

I 

85 

79 

03 

0 

00 

4 

91 

0 

100 

0 

100 

Catalpa bignonioides . . 

2 

3 

79 

03 

0 

00 

8 

96 

0 

100 

0 

100 


The stomata on the illuminated upper side of leaves may be wider open 
than those on the under side. Blocking of the stomata by wax effec- 
tively cuts off the diffusion of gas through them. 

The absorption of CO2 from the intercellular spaces of the leaf is 
possible for nearly all cells. But the entrance to the intercellular spaces 
from the atmosphere takes place through the comparatively small frac- 
tion of the leaf area represented by the sum of the areas of the stomatal 
pores. In Catalpa bignonioides, Brown and Escombe found that the 
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stomatal pores represent only 0.9% of the whole leaf surface. This leaf 
absorbed from the atmosphere containing .03% of CO2, 0.07 c. c. of 
CO2 per sq. cm. of leaf surface per hour in its photosynthesis. The diffu- 
sion rate of the CO2 must take place at the rate of 7.77 c. c. per sq. cm. 
per hour, since it all passes 
through the stomatal pore. But 
n/i NaOH solution absorbs 
from the same atmospheric con- 
centration of CO2 (.03%) un- 
der the same conditions only 
0.12 c. c. of CO2 per sq. cm. of 
absorbing surface per hour. The 
rate of absorption through the 
stomatal pore must be about 
fifty times as fast as the absorp- 
tion of CO2 by the surface of n/ 1 
NaOH. 

This greatly increased rate 
of diffusion through pores is 
found also for small openings 
in diaphragms of metal, so 
that it is not a special prop- 
erty of stomata but results 
from the mechanics of gaseous 
diffusion and the paths followed 
by molecules in the gaseous 
condition in free diffusion. In 
free diffusion of gas molecules 
through a large aperture, the 
lines of flow of the molecules 
will be as pictured in section A 
of Fig. 55. The concentration 
of the carbon dioxide will in- 
crease from zero at the sur- 
face of the disk to its maxi- 
mum concentration theoreti- 
cally at infinite distance from the absorbing surface. 



Fig. 55- — A and B. Paths of diffusion of gas mole- 
cules through openings. C. Brown and Escombe’s 
conception of the lines of flux in a diffusive column 
through septa. ^ 


If the aperture is 

large, carbon dioxide will diffuse equally rapidly toward the surface and 
the path of the gas molecules will be represented as straight lines per- 
pendicular to the absorbing surface. In this case we are concerned with 
gaseous molecules diffusing in straight lines, and the quantity passing 
through the aperture will be proportional to the area of the aperture 
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when other conditions such as the concentration gradient remain the 
same. 

In accordance with Fick’s law, 

dQ= -DA— dt 
dx 

the quantity, dQ, of a substance diffusing through an opening is propor- 
tional to the cross-sectional area, A, the time, dt, and the gradient of 

dC 

concentration between the two sides, — , multiplied by the diffusion 

dx 

constant, D, of the gas. 

At the edges of the aperture, gas molecules can move in at an angle, 
the paths forming a series of parabolic curves. But this movement at the 
margin is only a relatively small part of the total. The marginal absorp- 
tion is a small fraction of the total absorption when the aperture is large. 
But as the aperture is made smaller, the marginal absorption becomes 
greater as shown by the following table (Table 20). 

Table 20 


DIFPUSION OF CARBON DIOXIDE THROUGH APERTURES OF VARIOUS SIZES 
(Data from Brown and Escombe) 


Diameter of 

aperture CO 2 diffused 

in mm. per hour 

CO 2 diffused 
per sq. cm. 
per hour 

Relative 
areas of 
apertures 

Relative Relative amounts 
diameters of of CO2 diffused 
apertures in unit time 

22 . 7 

0 

00 

•T) 

0 

0.0588 

1 .00 

1 .00 

I ,00 

12.06 

0.0928 

0.0812 

0. 28 

0.53 

0.39 

12.06 

0. 1018 

0.0891 

0.28 

0.53 

0.42 

6.03 

0.06252 

0.2186 

0.07 

0.26 

0.26 

5.86 

0.05558 

0.2074 

0.066 

0.25 

0-23 

3-233 

0.03988 

0-4855 

0.023 

0.14 

0.16 

3.216 

0.03971 

0.4852 

0.020 

0.14 

0.16 

2 . 117 

0.02608 

0.8253 

0.008 

0.093 

0. 10 

2.00 

0.02397 

0. 7629 

0.007 

0.088 

0. 10 


For apertures of the dimensions of stomata the total diffusion becomes 
proportional to the perimeter of the aperture and not proportional to its 
area, because the lines of diffusion are those represented in section B 
of Fig. 55. The diffusion in a straight line toward the absorbing surface 
is a relatively small part of the total diffusion. The marginal diffusion 
represents practically the total, and the rate of absorption is proportional 
to the dimension of the margin, or perimeter. In the larger aperture, as 
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shown in A, the absorption is proportional to the area of the aperture. 
Stomata are seldom circular in outline. They are more frequently ellipti- 
cal when fully open. When partly closed, they approach the dimensions 
of a slit, because the closure is due to the change in position of two guard 
cells. For apertures of such shape, the diffusion is more nearly propor- 
tional to the perimeter than to the area. 

In the case of stomata with large h^/postomatal cavities, the diffusion 
lines are as shown in section B of Fig. 55 in still air. There is an apparent 
crowding of the diffusion lines through the small opening. When the air 
outside of the leaf is in motion, as it usually is, the concentration shells 
outside disappear owing to the rapid renewal of the external molecules 
of the air current. In the case of depressed stomata, the length of the 
stomatal tube must be taken into account, for through this tube the dif- 
fusion will be in straight lines. If the stomata are very close together, 
there will be an overlapping of the diffusion lines. When the pores are a 
few diameters apart, there is practically no interference of the gas mole- 
cules, as shown in section C of Fig. 55. Each pore then acts practically 
independent of the others. The stomata of leaves are usually eight diam- 
eters or more apart, so that diffusion through each is nearly at the maxi- 
mum efficiency. Actually, the stomata when they are fully open allow 
more diffusion than is necessary to account for the photosynthetic rates 
shown by leaves. The partial closure of the stomata does not greatly 
affect the perimeter and, consequently, does not alter the absorption 
rate greatly. The throttling action becomes evident when there is com- 
plete or almost complete closure. 

With the heating and cooling of the leaf and the air confined within 
it, there is mass streaming of gases. The temperature of the leaf fluctuates 
with the atmospheric temperature and with the heating effect of sunlight 
exposure which is exceedingly variable. The passage of every cloud 
obscuring the sun causes changes in the leaf temperature and expansion 
or contraction of the air contained in it, resulting in mass movements 
of gases through the stomata. 

The diffusion of both carbon dioxide and oxygen into the cells of the 
leaf through the cellulose walls is in solution in the water present in the 
wall. If the wall is desiccated, the diffusion is decreased. The cuticle 
of plants contains cutin and suberin, which are fatty in nature. The 
diffusion of water from the epidermal cells is very little, but cutin and 
suberin deposits in cellulose favor the passage of CO2 and O2 through 
the epidermal layer. However, the diffusion through the upper cuticle 
of leaves which have stomata only on the lower side represents only about 
3% of the diffusion through the open stomata and cuticle of the lower 
side of the hypostomatous leaf. 
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IV. Evolution oj Oxygen 

Equally as important as the absorption of carbon dioxide in photo- 
synthesis is the production and evolution of oxygen. For the diffusion of 
oxygen the same conditions will hold as found for CO2. The liberation 
of free oxygen must occur under high oxygen tension within the cells, 
probably at full or supersaturation of the cell fluids. The presence of 
free oxygen should tend to decrease the rate of the photosynthetic proc- 
esses by the mass action of this product of the reaction. The photo- 
synthetic reactions are usually written so as to indicate the evolution of 
molecular oxygen. Nascent or atomic oxygen is a very strong oxidizing 
agent. There must be a relatively enormous change in the oxidation 



Fig. s6 . — ^Joseph Priestley, 1733-1804. 


“Plants instead of affecting the air in the same manner with animal respiration, rcver.se the effects of 
breathing, and tend to keep the' atmosphere pure and wholesome, when it is become noxious in conseciuence 
of animals either living, or breathing, or dying, and putrefying in it.” 

Experiments and Observations on Dijferent Kinds of Air. London, 1775. 

potential within photosynthesizing cells upon exposure to light. The 
oxygen is given off to the air as molecular oxygen. If the oxygen evolved 
is in molecular condition at the moment of reduction of the carbon, the 
oxidation potential in the cell should be somewhat reduced from that of 
atomic oxygen, since considerable energy is evolved in the formation of 
molecular from atomic or nascent oxygen. 

It was in an experiment upon the purification of the air by plants that 
Priestley (Fig. 56) entered upon the series of experiments which led to 
his discovery of vital air or oxygen (1770). He found that sprigs of mint 
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placed under a bell-jar containing an atmosphere which had become 
vitiated by animal respiration were able to purify the air so that animals 
could again live in it. The oxygen evolution by plants, although ob- 
served first by Priestley, could not be repeated by him. It remained for 
Ingenhousz in 1779 to show that the factor which Priestley had not taken 
into account was the light exposure of the plants. Ingenhousz showed 
also that only the green parts of plants possess the power of purifying the 
air from the products of the respiration of animals. Senebier (Fig. 57) 



Fig. 57. — Jean Senebier, i742“i8o9. (From a portrait in the collection of Dr. J. C. Bay.) 

“Then if the fi.xed air (CO2) dissolved in the water of the atmosphere within the parenchyma combines 
with the light and all the other elements of the plant, if the phlogiston of that fi.x:ed air (CO 2) is actually 
precipitated in the organs of the plant, if this precipitate remains as it seems since that fixed air comes out 
of the plants in the form of dephlogisticated air (O2), it is clear that fixed air (CO2) combined in the plant 
with the light, leaves there a substance which had not been there, and my experiments on etiolation sutiice 
to demonstrate this.” 

Memoirs physico-chymiques. Geneva, 1782. 

first suggested in 1783 that the evolution of oxygen (vital air) by plants 
in the sunlight is accompanied by the absorption of carbon dioxide (fixed 
air). N. T. de Saussure (Fig. 58), by quantitative methods of gas analy- 
sis, excellent for his time, showed the relationship between the quantities 
of carbon dioxide absorbed and the oxygen evolved by the green plant in 




Fig. s8 .— Nicolas Theodore de Saussure, 1767-1845. (Picture loaned by Dr. J. C. Bay.) 


*‘The roots of plants take up the salts and the extracts, but in smaller proportions than the water which 
contains these salts and extracts in solution. 

'‘A growing plant does not take up all the substances contained in a solution in the same proportions; 
it takes certain exceptions among them; in general, it takes in greatest amount the substances whose solu- 
tions are least viscous. 

“When the plants build into their structure the oxygen and hydrogen of water, this loses its liquid 
properties. This assimilation occurs to an observable extent only when the plants at the same time assimi- 
late carbon. 

“The water, bound or transformed into solid substance by the plant, evidently can lose its oxygen in 
the form of a gas only after the death of the plant or one of its parts. 

“If the plants, which assimilate the oxygen and hydrogen of water, out of free contact with oxygen 
begin to ferment, then they produce carbonic acid gas from their own substance. The oxygen of the com- 
bined water can combine with the carbon for the formation of carbonic acid gas; and the plants or the veg- 
etating parts give off indirectly one of the constituents of the original water in that they release the oxygen 
of the latter. 

“ But in no case do the plants directly decompose the water by assimilating its hydrogen and giving off 
its oxygen in the form of gas; they exhale oxygen gas only with the coincident decomposition of carbonic 
acid gas.” 

“I allowed the roots of several peppermints {Mentha piperita) to dip into flasks filled with distilled 
water, and let the plants grow in the sun on a flower bench protected from rain, outside of a window. Since 
I took up some of these plants at the .same time and at the same place and dried them, I proved to myself 
that 100 parts by weight of them which I wished to let grow in distilled water contained 40.20 parts of dry 
substance, from which after heating there was left io.q6 parts of coal. 

“One hundred parts by weight of peppermint after growth for two and one-half months in free air 
weighed green 216 parts, but this increase in weight tells nothing since it is perhaiis to be ascrilied to the 
increase of the water of growth, which continually increases in the plants if they are planted in a place more 
moist than that on which they previously grew. Through drying at air temperature they went back to 62 
parts by weight. 

“By the use of air and water the plants accordingly increased their dry substance by 21.71 parts. These 
.62 parts on heating produced 15.78 parts of coal or 4.82 parts more than they would have produced if they 
had not grown in distilled water. When I allowed the same plants under the same conditions to grow in a 
weakly lighted place, I found that they had lost a small part of their carljon content. 

“If green plants are exposed in atmospheric air to the alternating action of day and night, they breathe 
alternately in and out o.xygen mixed with carbon acid gas. 

“The Oxygen breathed in by green plants is not assimilated by them; it is on inspiration changed to 
carbonic acid gas.” 

Recherches ckimiques sur la v&gttation. Paris, 1804. 

sunlight (1804). He showed also that an increase in weight accompanied 
photosynthesis, and that through the absorption of carbon dioxide of the 
air there was an increase in the carbon cor^tent and dry weight of the plant. 
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V. Water Used in Photosynthesis 

That the elements of water, H and O, are assimilated in photosyn- 
thesis was proved by De Saussure. In the formation of carbohydrates the 
elements hydrogen and oxygen are introduced in the same proportions in 
which they exist in water. This suggests that water and carbon dioxide, 
or H2CO3, are the principal reacting substances. Photosynthesis is just 
as much an assimilation of hydrogen and oxygen as of carbon. It is 
evident from this that water is required for photosynthesis. 



CHAPTER XXIII 


LEAF PIGMENTS 
I. Chloroplasts 

The chlorophyl of higher plants is contained in special organs of the 
cell, the chloroplasts. The chloroplasts of higher plants are mainly lens- 
shaped bodies which may be moved with the cytoplasm. In lower plants 
the chloroplasts may be of various shapes and sizes. In the blue-green 
algae the pigment evidently is distributed throughout the cell and is not 
aggregated into special structures. 

Chloroplasts may be solid or fluid, depending upon the' consistency 
of the protein-containing stroma. Most chloroplasts are fairly firm gels, 
but the RHODOPHYCEiE have fluid chloroplasts. There may be visible 
differences in the distribution of chlorophyl through the stroma. In 
Selaginella the pigment is found mostly at the surface of the plastid. 
Several other plants show dark-green shells of chlorophyl at the surface 
of the chloroplast. 

Chloroplasts usually arise from the division of chloroplasts. Cells 
which have lost their chloroplasts may not reform them, and albino cells 
may be produced by their progeny. This lack of regeneration of chloro- 
plasts in albino cells led to the fantastic idea that chloroplasts are separate 
individually from the plant cells and live symbiotically with them. In 
animals cases are known where the chloroplasts of plant cells are capti- 
vated and held symbiotically by the animal in a functioning condition 
for the production of carbohydrates. For instance, Chlorella lives sym- 
biotically with Hydra. The Chlorella cytoplasm and nucleus may be 
destroyed, leaving only the chloroplasts which live symbiotically with 
the cells of the hydra for some time. 

In some cases chloroplasts seem to come from mitochondrial struc- 
tures which are too small to identify as chloroplasts, as in pea {Pisum 
sativum) and asparagus (^Asparagus officinalis) stems. In these cases it 
is doubtful whether there is transformation of the mitochondria into 
chloroplasts; at least not all cells containing mitochondria develop chloro- 
plasts. One can assume that an exceedingly small chloroplast already 
existed in the mitochondrium. In parts of plants removed from the 
light, chlorophyl does not develop in the plastid. This may be seen in 
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the tubers of potato. These plastids function for starch deposition and 
are true leucoplasts. When they are exposed to sunlight, however, they 
may again function as chloroplasts and will form chlorophyl. 

It seems that the chlorophyl pigments are the key in the photosyn- 
thetic processes, because the plastid does not form carbohydrate until after 
the chlorophyl appears, although yellow pigments may be present. The 
protoplasm of the stroma may perform a major function in photosyn- 
thesis, for a mild disturbance of the stroma, such as a decrease of water, 
will upset the functioning of the photosynthetic processes. 

n. Chlorophyl Formation 

In many cases chlorophyl may be formed in cotyledons of seeds or 
in the inner bark without apparent light exposure at any high intensity. 
Thus the seeds of pines and ginkgo regularly may form green pigments 
within the cotyledons. Lemons frequently show green-colored cotyledons 
within the fruits, and the inner testa of cucurbits has green pigments. 
Probably some light may reach these structures at some stage in their 
formation. The general conditions for chlorophyl formation require the 
presence of light as a catalyst, yet the intensity of the light required can 
be very low. 

Chlorophyl can be formed in the dark by some leaves if they are 
supplied with such sugars as sucrose, maltose, glucose, fructose, or raffi- 
nose, or with glycerin. 

III. Relative Abundance of Chloroplast Pigments 

The ratio of the pigment constituents does not change much in higher 
plants. 

QUANTITIES OF GREEN AND YELLOW PIGMENTS PRESENT IN LEAVES 
(Data from Willstatter and Stoll) 

Parts per thousand Parts per thousand 


Pigment of fresh leaves of dry weight 

Chlorophyl-a 2.0 6.3 

Chlorophyl-b 0.75 2.4 

Carotin 0.17 0.5 

Xanthophyl 0.33 0.9 


In the green algae, chlorophyl-b is relatively more abundant and also 
there are more yellow pigments. 
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QUANTITIES OE GREEN AND YELLOW PIGMENTS PRESENT IN ULVA LACTUCA 
(Data from Willstatter and Stoll) 

Parts per thousand Parts per thousand 


Pigme^it of fresh leaves of dry weight 

Chlorophyl-a 0.165 0.936 

Chlorophyl-b 0.117 o. 666 

Carotin 0.024 0.138 

Xanthophyl 0.064 0.365 


In the brown algae the proportions are variable, and there is present also 
the characteristic pigment of this group, fucoxanthine. 

The usual ratio of the chlorophyl constituents in higher plants is as 
follows: 

chlorophyl-a : b=3:i 
chlorophyls : carotinoids =3:1 
carotin: xanthophyl = 1:2 

In shade leaves the ratio of chlorophyls to carotinoids is increased. 
The ratio in such leaves is from 6 to 7. Chlorophyl-a is more abundant 
in shade leaves in its proportion to chlorophyl-b. 

IV. Discovery and Separation of the Leaf Pigments 

The pigments of the green leaf were extracted and given the name 
chlorophyl by Pelletier and Caventou in 1818. The definite separation of 
the components of the green-colored extract from leaves was made by 
Stokes (Fig. 59) in 1864. He used the method of partition of the pigments 
between immiscible solvents which had first shown to Fremy in i860 
that yellow pigments were present along with the green. Stokes observed 
the differences in the spectroscopic absorption by the components of the 
leaf extract and came to the conclusion that there were two green and 
two yellow pigments in leaves, but his work was disregarded. The separa- 
tion of the yellow pigments from the green chlorophyls was further per- 
fected by Fremy. Later (1871) Timiriazev gave the name xanthophyl to 
the extracted yellow pigment. The separation of the leaf pigments by 
means of benzine and alcohol was introduced by Kraus in 1872. In the 
separation of the leaf extract by Kraus’s method, Dipple in 1878, using 
the spectroscopic method, observed that there was present a yellow 
pigment with properties different from xanthophyl, and that there were 
two yellow pigments in leaves. Borodin (Fig. 60) in 1883 actually crystal- 
lized the two yellow pigments and described their solubility differences. 
The work of Stokes was largely overlooked, and required the confirmation 
of later workers before it was accepted by physiologists. It was commonly 
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held that there was only one green pigment in the leaf. Tswett (1906), by 
the introduction of adsorption methods, contributed largely to the clear- 


ing up of the confusion of statements re- 
garding the leaf pigments. By percolating 
the leaf extract through a column of fine 
calcium carbonate, he found that the differ- 
ent pigments could be separated from the 
different layers of the column on which they 
were adsorbed. Tswett confirmed the state- 
ment of Stokes that two green pigments 
were present. Also, he separated from deeply 
yellow daffodils and narcissus five yellow 
pigments which he named collectively caro- 
tinoids. These were four xanthophyls vary- 
ing in their adsorption characteristics and 
carotin which was not adsorbed at all by 



Fig, 59. — Sir George Gabriel 
Stokes, 1819-1903. 


the calcium carbonate. 

The most important contributions to the 
knowledge of the properties and chemical 
constitution of the chlorophyls has been 
made by Willstatter and his students. This 

will be dis- 
cussed in detail 
in a later para- 
graph. 

In theprep- 
ara t ion of 
chlorophyls 
from the green 
leaf we find 
that solvents 
which dissolve 
the purified 
. T. , . . . pigments do 

if one touches gently microscopic 
sections of green leaves of various plants UOt CXtract 
with alcohol and allows the preparation tVipTn from Hrv 
to dry out slowly under the cover-glass, ^ 

there often appear highly characteristic leaveS. A fcW 
green crystals/' HrnnQ nf 

Ueber Chlorophyllkryslalle. Botanis- WdLCr 

che Zeitung, 40: 60S-609, d:! 1-626. 1882. increase the 
solubility of the pigments in petrol ether. 
The addition of water may result in changes 
in the state of the chlorophyls whereby 



“I find the chlorophyll of land- 
plants to be a mixture of four sub- 
stances, two green and two yellow, 
all possessing highly distinctive op- 
tical properties. The green sub- 
stances yield solutions exhibiting a 
strong red fluorescence; the yellow 
substances do not. The four sub- 
stances are soluble in the same sol- 
vents, and three of them are ex- 
tremely easily decomposed by acids 
and even acid salts such as biso.xa- 
lateof potash; but by proper treat- 
ment each may be obtained in a 
state of ver>' approximate isolation, 
so far at least as coloured substances 
are concerned.” 

On the Supposed Identity of 
Biliverdin udth Chlorophyll, with Re- 
marks on the Constitution of Chloro- 
phyll. Proc. Roy. Soc., 13: 144 
1864. 

“ For convenience and rapidity 
of manipulation, especially in the 
examination of very minute quanti- 
ties, there is no method of separa- 
tion equal to that of partition be- 
tween solvents which separate after 
agitation. . . . Bisulphide of carbon 
in conjunction with alcohol enabled 
the lecturer to disentangle the col- 
oured substances which are mixed 
together in the green colouring- 
matter of leaves.” 

On the Application of the Opti- 
cal Properties of Bodies to the De- 
tection and Discrimination of Or- 
ganic Substances. Journ. Chem. 
Soc., 17; 304, 311. 1864. 
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they become soluble. Chlorophyls probably are present in solution in 
lipoids, and these njay be distributed in droplets in the colloidal condi- 
tion. There is also spectroscopic evidence that the chlorophyls in the 
leaf are present in the colloidal condition, for there the absorption lines 
are shifted toward the red end of the spectrtm from the position shown 
by the pure pigments in true solution. 

The chlorophyls of some leaves are easily obtained in crystalline form. 
Borodin found 190 out of 770 species examined which showed a good for- 
mation of crystals of chlorophyls when sections were moistened with alco- 
hol and the solution was allowed to evaporate slowly. Leaves of 200 
species gave only amorphous chlorophyl masses. Willstatter and Oppe ex- 
plain the difference between crystalline and the amorphous chlorophyls 
as being due to the action of chlorophyllase, an enzyme resembling ester- 
ase. When amorphous chlorophyls are put into contact with alcohol 
and with some plant tissue in which chlorophyllase is abundant," they 
are converted into cystalline chlorophyls. The esterase, chlorophyllase, 
hydrolyzes the phytyl chlorophyllides and produces the free acids, which 
may then be esterified under the action of the esterase to the ethyl or 
methyl chlorophyllides according to the alcohol present. The ethyl and 
methyl chlorophyllides are easily crystallizable. Their presence accounts 
for the tendency for the production of crystalline chlorophyls from certain 
leaves. Slow extraction under conditions such that the chlorophyllase 
is not destroyed will account for high yields of crystalline chlorophyls. 
To avoid saponification and esterification it is necessary only to use sol- 
vents which do not permit of this action, such as acetone. 

In the extraction of chlorophyls from the chloroplast there is first an 
action of the solvent upon the plastid. The stroma of the plastid is a 
hydrophyllous colloid which will swell in water. The swelling of the 
plastid favors the taking of the chlorophyl from the stroma. Liebalt 
found chloroplasts swelling enormously in water. The stroma of the 
chloroplast is protein in nature and is not soluble in fat solvents, but it 
may be dehydrated or agglutinated by alcohol or acetone. Under the 
action of these solvents various reticulate structures appear in the stroma, 
and these have often been figured by cytologists as showing the structure 
of chloroplasts. The green pigments of the chloroplast are soluble in 
lipoid solvents. They seem to be distributed throughout the plastid in 
an exceedingly fine state of division. The distribution of chlorophyls 
through the stroma is easily disturbed. The absorption of water by the 
hydrophylic phase leads to the accumulation of the green pigments at 
the surface of the stroma. This is not a true separation of the two phases. 
A granular appearance of the chloroplast may be produced without a 
complete separation of the two phases. The appearance of the chloro- 
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plast is very much dependent upon the water relation of the hydrophyllic 
phase, and this should always be taken into account in cytological work. 
The chlorophyl may be separated completely from the plastid and crystal- 
lized, leaving a stroma which may have a porous foam-like structure. 

V. The Stability of Chlorophyl 

It is well known that alcoholic solutions of chlorophyl are quickly 
decomposed on exposure to light. In his work on the light relations of 
leaves, Wiesner thought that the amount of chlorophyl in the leaf re- 
mained constant under illumination, in spite of the rapid destruction 
indicated by alcoholic solutions, because there was a rapid res3mthesis. 
This assumes that chlorophyl in the leaf is as rapidly destroyed as that 
in alcoholic solution. Reinke explained the constancy of the chlorophyl 
content of leaves by the combination of proteins with the green pigments 
to produce light stable compounds. Iwanowski seems to have proved 
that colloidal chlorophyl is far more light-stable than crystalline chloro- 
phyl. Chlorophyl in colloidal solution in alcohol of low concentration 
is much more stable to light than chlorophyl in true solution in 80-90% 
ethyl alcohol. This seems a good indication that the light-stable pigments 
in the leaf are in colloidal condition. 

VI. Precursors of Chlorophyl 

Entirely insufficient information is available to make possible a pre- 
diction of the course followed in the chemical processes leading to chloro- 
phyl formation. More is known about chlorophyl decomposition than 
about its S3m thesis. From the nature of the decomposition products we 
can gain only a meager outline of the steps in synthesis. 

Most seedlings when grown in darkness do not form chlorophyl. If 
mature plant parts containing chlorophyl are put into darkness, the 
chlorophyl gradually disappears. The processes of chlorophyl decomposi- 
tion may be enormously hastened by very low concentrations of ethylene, 
propylene, acetylene, and by some other gases. The concentrations of 
these gases required for chlorophyl decomposition indicates that they 
have a catalytic action only. Plant extracts containing chlorophyl are 
not decomposed by these gases even when they are bubbled through the 
extract in high concentrations. Wilting or bruising of the leaf is sufficient 
to stop chlorophyl decomposition by the unsaturated hydrocarbons. The 
temperature must be proper for active metabolism before the chlorophyl 
will decompose under exposure to these gases. The combination of 
ethylene with oxygen to ethylene oxide is sufficient to stop the blanching 
action on celery leaves. Propylene is a little more effective in chlorophyl 
decomposition than ethylene. Acetylene is active also, but it shows a 
greater toxicity to the cells than ethylene. The conditions of chlorophyl 
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decomposition are of commercial importance, and we must have more 
information on the mechanism of decomposition however complex it may 
be. Gardner has identified an enzyme which decomposes chlorophyl. The 
action of ethylene may be to hasten the action of this enzyme. 

Many etiolated plants when grown in darkness do not possess chlqro- 
phyl, but they can form carotinoid pigments, anthocyanins, and fiavones. 
However, chlorophyl is very quickly synthesized when the etiolated 
plants are exposed to light even of very low intensity. A considerable 
greening occurs in one or two hours’ exposure of leaves to daylight. This 
indicates that well-elaborated precursors are formed in darkness, and 
that these are transformed to chlorophyl on exposure to light. 

Monteverde and Lubimenko largely on the basis of absorption spec- 
tra suggest two steps in chlorophyl formation. The leucophyl of etiolated 
leaves is transformed into colorless chlorophyllogen and this under the 
action of light forms chlorophyl. The first step may proceed without the 
action of light. The last step generally requires light as a catalyst, but 
there are cases known which do not require light. The transformation 
of chlorophyllogen into protochlorophyl and other compounds indefinite 
in composition has been frequently suggested. It has at times been 
doubted that some of the green pigments found in certain plant parts 
are chlorophyl, because there seem to be differences in their properties. 
Even the green pigments of the stomata show some reactions different 
from ordinary leaf chlorophyl. That magnesium enters the chlorophyl 
under the catalytic action of light has been shown. This would indicate 
an introduction of the magnesium into organic combination late in the 
synthesis of the chlorophyl molecule, which is in keeping with the chloro- 
phyl reactions with acids. 

VII. Chlorophyl in Chlorotic Leaves 

When there is a deficiency of iron in the nutrient medium, the leaves 
of plants grown therein will be light green in color, or chlorotic. Also, 
when magnesium or nitrates are deficient in the soil or nutrient solution, 
chlorosis will be observed. Iron is a catalyst in chlorophyl synthesis; 
magnesium and nitrogen are chlorophyl components; therefore all must 
be present for the formation of chlorophyl. The mosaic diseases are so 
named because they produce a mottled pattern of light-green and dark- 
green areas over the leaf surface. The disappearance of chlorophyl from 
the light-green areas seems to be brought about by parasites. In certain 
other diseased conditions, such as in the infection of flax with certain 
strains of Fusarium Uni, the fungus may not appear above the cotyledons, 
yet these parts of the flax above the cotyledons may be entirely lacking 
in chlorophyl. The chlorophyl gradually disappears from the tips of the 
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leaves, then from the whole stem back as far as the cotyledons. Below 
that point the tissue remains green. Possibly the fungus produces some 
substance which diffuses upward and acts to destroy the chlorophyl, or 
the action of the fungus on the root may prevent the absorption of proper 
quantities of iron or magnesium. The former view is preferred because 
the chlorophyl may be first formed and then disappear. 

Very young leaves are somewhat deficient in chlorophyl on account 
of a deficiency of chloroplasts, but they become more green after leaf 
growth has ceased. The leaves of some ornamental plants show a chloro- 
phyl deficiency which is inherited. Certain areas of leaves may be albino 
by inheritance. 

VIII. Chemical Reactions of Chlorophyl 

On reaction of chlorophyl with acids there is a quantitative removal 
of the magnesium without destruction of the nuclear group. With oxalic 
acid and other plant acids chlorophyl-a gives phaeophytin-a as shown in 
the diagram, Fig. 61 (Table 21). To the magnesium in the chlorophyl 
has been ascribed a great importance in synthesis, since it is joined with 
the N of the pyrrol ring and forms a combination similar to its combina- 
tion in the molecule of Grignard’s reagent. Magnesium represents 5% 
of the chlorophyl. It is rather easy to substitute copper or zinc for the 
magnesium in phaeophytm. The copper and zinc compounds of phaeo- 
phytin are stable to light. The original colors of green plant parts can be 
preserved by treating the tissues with solutions of copper acetate. 


.COOCH3 


C 3 iH 29N 3M g C OOC2 uH 39 


NH- 


C =0 

chlorophyl -a 


X00=CH3 
COOCjc,H39 


chlorophyl-b 



CHa 


CHa 


aetiophyllin 
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-IC„H„0,N4](C0,H)(C0,H) • 


Pbapborbid b 
tC„H„0,NJ (CO,CH.) (CObH) 
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A 
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B 
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Phaophytin b 

(C...1 ?uO,N,] (I OjC 1 1.) iC ■ 


Chlorophyll b 

I (CO,CH.l (CO.C„M„) 


Allom. Chlorophyll b 
tCwH*O.N.M|l lCO.<.ri.) (CO.C,^») 


Fig. 6i.— Scheme of the chemical reactions of chlorophyls. (After Willstatter.) 
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Table si 


EEACTIONS or CHLOROPHYL 

Leaf Powder 
>1 

(85% acetone) 

Green soPn of four pigments 


(ether + dist. HzO) 

1 

Ether sol’n of pigments 

(methyl ale. potash) 

Phase test brown to 
green — K salt of 
the acid chlorophyllin | 

(30% K hydrate in 
methvl ale. 4* ether) 

"'N 


(petrol ether + dist. H2O) 
Petrol ether sol’n of pigments 
(90% methyl alcohol) 


Carotin and 
xanthophyl 
in upper 
ether layer 


Saponified 
green pig- 
ments in 
lower layer 


Chlorophyl-a 
and carotin in 
petrol ether 
\ 

(methyl ale. 
potash) 

i 

Phase test — 
yellow 


Carotin in 
ether layer 


(petrol ether 
+ 90% methyl alcohol) 


Xanthophyl 
in methyl ale. 


Carotin in 
petrol ether 


(boiling 30% 
potash sol’n 
in methyl ale.) 

1 

Sol’n of K salts 
of isochloro- 
phyllins 


Chlorophjd-b 
and xantho- 
phyl in m. ale. 

(ether -f dist. 
H.O) 

i 

Ether sol'n 
of chloro- 
phyl-b 
Chlorophyl-a 
saponified in 
KOH layer 

(methyl alc. 
potash) 

1 

Phase test- 
brown red 

In* 


Chlorophyl-b Xanthophyl 

1 saponified in in ether 

KOH layer 

(H2O — HCI + ether) I 

1 ( 20 % HCl -h H,0) 

i i 

Ether sol’n of Phseophytin (no Mg) 
dissociated prod- J, 

ucts 1 (evaporate dissolve 
in alc. + Cu acetate) 

i 

(extract 4% HCl) Cu compound of 
chlorophyl 

_ Cu substituted for Mg 

Acid layer Ether layer 

i i 

(NH3 + ether) Extract 12% HCl -f H *0 + ether 

i i 

Phytochlorin-e Phytorhodin-g 

From chlorophyl-a From chlorophyl-b 
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With alkalies the chlorophyls are converted to chlorophyllins which 
contain magnesium but from which the alcohols have been removed by 
saponification. Under the further action of alkalies the (NHCO) group 
is removed, then in order each COOH group is removed until finally 
setiophyllin, C3iH3iN4Mg, a compound without any carboxyls is produced 
from the chlorophyls From this setiophyllin the magnesium can be re- 
moved by acid to produce aetioporphyrin, C31H32N4. 

In testing to demonstrate the presence of two green pigments in the 
leaf extract, chlorophyl-a is transformed by treatment with acids to 
phaeophytin-a, then with base to methylphseophorbid-a, and on further 
treatment with base to ph^ophorbid-a, then to phytochlorine-e which is 
olive green. Chlorophyl-b yields in the same manner phaeophytin-b, 
methylphaeophorbid-b, phaeophorbid-b, then phytorhodin-g which is 
brick red. The differences in color produced by these reactions serve to 
identify the two chlorophyls. 

The investigations of Marchelewski and of Willstatter (Fig. 62) point 
to the existence of the pyrrol group in the molecule. The chief oxi- 
dation product of chlorophyls is: CHs — C — CO 

II ^NH 

HOOC— CH2CH2’-C— CO 

hematmic acid imide 

Hematinic acid imide also has been obtained from hemoglobin of the 
blood. By the production of this substance the close chemical relation- 
ship between chlorophyl and hemoglobin seems to be established. The 
two compounds also yield a series of pyrrol derivatives which are the 
same. Possibly the relationship between the two compounds may be 
represented as follows: 



chlorophyl nucleus hemoglobin nucleus 
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Iron is required for chlorophyl formation and in the above formulae 
for the nuclei of chlorophyl and hemoglobin magnesium replaces iron. 
Hence it seems that both chlorophyl and hematin may be derived from 
common precursors in whose formation iron is required. This might 
indicate that the iron-containing compounds originated first in nature 
in the evolution of the common ancestors of plants and animals. One is 



Fig. 62. — Richard Willstatter, 1872- 


“ Without investigating chlorophyll itself, Willstiitter and his collaborators deduced the characteristics 
of its constitution from a consideration of the derivatives that were formed upon reaction with acids and 
alkalies. 

“If an alkali hydroxide is allowed to act upon chlorophyll it is converted into salts of a chlorophyll- 
green color. The neutral chlorophyll has become an acid which forms water-soluble salts. In the reaction 
with alkalies, therefore, there has been split oflf hydrolytically, without any significant optical change, a 
component which was bound with an acid group. The mild action of acid affects another part of the mole- 
cule so that the chlorophyll color is changed to an olive green; a salt-forming group is not formed, and there- 
fore saponification is avoided. Hence, by acid cleavage one succeeds in sparing and in finding in the prod- 
ucts of cleavage those components of chlorophyll that are split off by alkalies and conversely the alkali 
derivatives of the pigment must show another characteristic atomic group w’hich is extremely easily de- 
stroyed by acids, .^s a consequence of this guiding conception it was possible, before chlorophyll itself was 
known, to combine its properties from the analysis of the decomposition products that are formed by acids 
and alkalies, and so perfectly was this done that when the preparation of the natural pigment in the pure 
state was finally successful nothing new was learned from the analysis of it.” 

Investigations on Chlorophyll. (By R. Willstatter and A. Stoll. Translated by F. M. Shertz and A. R. 
Merz.) 


inclined to wonder if the iron bacteria had anything to do with the evolu- 
tion of these compounds. 

It is known that magnesium goes into the chlorophyl molecule late 
in the synthesis and that light is required for this introduction. The ease 
with which magnesium can be removed from chlorophyl by the organic 
acids, even by H2CO3, shows that its linkages do not hold together the 
complex chlorophyl molecule. 
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IX. Carotinoid Pigments 

There are two classes of yellow pigments commonly found in leaf 
plastids. The carotins, C40H56, are hydrocarbons but evidently have very 
complex structure. The xanthophyls, C40H66O2, are chemically closely 
related to them and possibly might be produced by oxidation from caro- 
tins. Yet the "reactions of xanthophyl indicate that more probably all of 
the carotinoid pigments are built up from common precursors with a 
common nucleus. Xanthophyl shows no carbonyl, alcohol, or acid groups, 
and the oxygen seems to be in ether linkage. 

There are at least two carotins of the same empirical formula. One, 
ordinary carotin, is yellow. It is commonly found in plants and is abun- 
dant in carrots. The other isomeric form called lycopin is yellowish red. 
It is commonly found in red tomatoes. There are at least three and pos- 
sibly four xanthophyls which are isomeric forms of the same empirical 
formula. Tswett designated these as xanthophyl a, a}, and and xantho- 
phyl- 

These pigments all have widespread distribution in leaves, flowers, 
and fruits. They are commonly contained in special cell structures called 
chromoplastids. The carotinoids usually disappear upon disintegration 
of the plastids. The carotinoids may also be dissolved in oil droplets in 
the cytoplasm. In autumn leaves the carotinoids persist after the de- 
composition of the chlorophyl. In the coloration of some evergreen leaves 
evidently there is a production of lycopin, the yellow-red isomer of caro- 
tin. There may be present also in some conifers a red xanthophyl called 
rhodoxanthine. In brown algae there is a pigment related to the xantho- 
phyls and known as fucoxanthin (C40H54O6). This also might be con- 
sidered an oxidized carotin, but probably the relation is not so simple as 
that would imply, for the oxygen is not just in an additive compound. 

The structural formula of carotin is evidently difficult to determine. 
Its empirical formula (CsHyjs is suggestive of a connection with terpene 
derivatives of the formula (CioHh) and possibly with isoprene (CsHs). 
The color of the hydrocarbon may be due to a chromatophore group 
> C : C < in carotin. 

The carotinoid pigments are very easily oxidized in air and take on 
oxygen to form addition compounds. Xanthophyl may add 42% of its 
original weight on oxidation to C40H56O15. 

The functions of the carotinoid pigments in the cell are somewhat in 
doubt. Evidently they are synthesized only in plants; animals are lack- 
ing in this ability. They seem to be merely casual constituents of animals 
derived from their food and not easily decomposed. 

From a study of the presence of carotinoids and chlorophyl in albino 
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and virescent corn and rye seedlings, it seems that wherever chlorophyl 
is present in the seedling or wherever it may be formed in virescent 
seedlings, carotinoids also are found. But carotinoids may be present 
without chlorophyl formation being possible. This might seem to show 
that the carotinoids are related to precursors of chlorophyl, but that 
chlorophyl formation demands some agency in addition to the factors 
necessary for carotinoid formation. These factors are controlled by 
heredity evidently. The factor producing complete albinism in plants is 
lethal except in saprophytes such as Monotropa. Evidently part of the 
cells of a plant may be lacking in factors for chlorophyl formation and still 
function otherwise, if there is sufficient 
assimilating area elsewhere in the plant. 

Carotin and xanthophyl are gener- 
ally quite constant in quantity in the 
leaf. There are usually about two mol- 
ecules of xanthophyl for each molecule 
of carotin. The carotinoids have been 
stated to be reserves, but rather they 
are associated with stored reserves such 
as the lipoids in the spores of rusts. 

There is considerable doubt of the pos- 
sibility of oxidizing these compounds as 
a source of energy. In the animal body 
they are usually excreted without oxi- 
dation. Kohl thought that carotin in 
carrot served as a reserve substance. Evidently if the presence of 
carotin should increase the spectral absorption of the leaf, the light so 
absorbed might be transformed to heat and raise the leaf temperature. 
However, the absorption bands of the carotinoids are in the blue region 
of the spectrum in which the energy content is not great. The absorp- 
tion spectrum of carotin shows two distinct bands in the blue- violet 
region (Fig. 63). By the introduction of the oxygen of xanthophyl the 
position of these bands is shifted somewhat, but they have the same 
relative position. The yellow pigments may protect the deeper layers 
of the cell constituents from blue rays of the spectrum since they absorb 
strongly in this region. Iwanowski suggested that they protect chloro- 
phyl from decomposition by blue light. Carotin protects diastase from 
destruction by violet rays of a wave-length of 420 juju. 

Carotins and xanthophyls may function as oxygen carriers in the 
absorption of oxygen. Still they cannot be very vitally bound up with 
respiratory oxidations because colorless cells respire normally without 
carotinoids. The carotinoids may serve to regulate the oxidation poten- 



Fig. 63. — Absorption spectrum of yellow 
pigments, i. Carotin in alcohol. 2, Xantho- 
phyl in alcohol. 3. Carotin in carbon disulphide. 
4- Xanthophyl in carbon disulphide. 
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tial in the cell through their ability to combine with large amounts of 
oxygen. They may function so in chloroplasts by carrying O2 from 
chlorophyl-b to reduce it to chlorophyl-a. Willstatter and Stoll formerly 
proposed that carbon dioxide assimilation may be controlled by the 
equilibrium between chlorophyl-a and chlorophyl-b and that this equi- 
librium may in turn be controlled by the carotinoids. However, the 
relative constancy of the proportions of chlorophyl-a and -b would- bring 
this in question. The system of reactions proposed assumed the oxidation 
of chlorophyl-a to chlorophyl-b and then reduction of the chlorophyl-b 
to chlorophyl-a by carotin which was oxidized simultaneously to xantho- 
phyl. The oxygen of xanthophyl might then be liberated or reduced by 
other oxygen acceptors of the cell through the action of oxydoreductases. 
This assumes that the oxygen is carried through an elaborate series of 
reactions before it is liberated as molecular oxygen, which seems unde- 
sirable. Furthermore, there is the greatest doubt that xanthophyl is 
formed from carotin directly by oxidation. Probably carotins and xantho- 
phyls do have the ability to reduce chlorophyl-b. There is a suggestion 
that fucoxanthine may perform the function of chlorophyl-b in the brown 
algae which seem to be deficient in chlorophyl-b. 

The fact that carotin can produce formaldehyde on exposure to light 
is no indication of its functioning so in photosynthesis, for many organic 
substances have this property. The fact that carotinoids are formed in 
etiolated plants indicates that they are not formed from chlorophyls. 
Yet all of these pigments according to Willstatter may have a common 
building stone isoprene, CsHs, which may form carotin or the phytol 
nuclei of chlorophyl. 

It has been observed that the carotin content of carrots increased 
during the formation of starch from sugar. In the red tomato the accumu- 
lation of lycopin is generally coincident with the destruction of chlorophyl. 
Yet when the chlorophyl is removed by ethylene, lycopin is not always 
formed as a coincidence. The fruits may turn yellow on destruction of 
the chlorophyl and show the formation of red pigment only after several 
hours. 

Tomatoes ripened at 30° C. or above develop little or no lycopin but 
may develop carotin and xanthophyl. The lycopin develops rapidly 
when the fruits are returned to a lower temperature. Oxygen is evidently 
essential to the development of lycopin. Possibly at high temperature, 
lycopin accumulation may be prevented by its oxidation. 



CHAPTER XXIV 


THE PHOTOSYNTHETIC REACTIONS 

I. Efficiency of CMoropkyl in Photosynthesis 

Willstatter and Stoll express the efl 5 .ciency of the chlorophyl on the 
basis of the number of grams of carbon dioxide assimilated per hour 
divided by the chlorophyl in grams. They call the quotient the assimila- 
tion number, 

CO2 assimilated in grams per hour 

= assimilation number 

chlorophyl in grams 

In normal leaves in summer the value of the assimilation number 
ranges from 5.8 to 9.1. In the spring in young leaves the value may rise 
to 14.2. In the autumn the efficiency is low. In leaves affected with 
mosaic disease the assimilation number is very low, evidently due to the 
effects of the parasite. 


II. Blackman Reaction 

In leaves which are rich in chlorophyl the sunlight intensity can be 
reduced to yi or even to p4 of the normal intensity with no slowing of the 
photosynthetic rate. This shows that the light intensity is in excess of 
the maximum that could be used in photosynthesis. When light and 
CO2 are not limiting factors the photosynthetic process has a tempera- 
ture coefficient Q/io of 2 or 3 indicating that a chemical or enzymatic 
process limits the rate. This reaction is the Blackman reaction. The 
photocatalytic part of the process depends upon chlorophyl and light, 
while the enzymatic and condensation reactions depend upon the pres- 
ence and activity of protoplasmic factors. In dark-green leaves the 
chlorophyl is in excess so that it is not a limiting factor. The action in 
strong light exposure is then limited by the rate of the reactions which 
may take place in darkness, that is by the Blackman reaction. 

Photosynthesis does not consist in a simple photolysis of carbon 
dioxide, and photocatalytic reactions of carbon dioxide and w^ater are 
not necessarily followed in photosynthesis. The primary process con- 
sists in the absorption of energy quanta by chlorophyl. This reaction has 
the temperature characteristic of a physical reaction. The rate of forma- 
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tion of the primary product (activated chlorophyl?) is proportional to 
the light quanta absorbed in unit time. The concentration of this pri- 
mary product is determined by the algebraic sum of the rate of forma- 
tion and the rate of its use. 

The primary photosynthetic product may give up the stored energy 
quanta to an acceptor in secondary reactions. The acceptor is not CO2 
but probably a peroxide which is formed through an independent chem- 

reaction in the cell. 

^ In darkness this peroxide- 
y forming reaction quickly 
, reaches the equilibrium 
J35Q_ y y mixture of peroxide and 

325 - / y the substances from which 

^ 300 - / y it was formed. The split- 

1 275 - A y oxygen from the per- 

.| 250- yy oxide is the “dark” or 

^ 225 “ yy “ Blackman ” reaction. Its 

o 200 - yy temperature characteristic 

1*75 - jy shows it to be not a physi- 

® " jy cal photocatalytical proc- 

^ y ess but a chemical reac- 

100- tion (Fig. 64). 

In light-green leaves 
~ the enzymatic process of 

I I I I _( I I I f I 1 I I I I condensing the photosyn- 

2 4 6 8 10 12 14 16 1820 22 24 26 28 30 thate proceeds more rap- 

Temperature the photocata- 

Fig. 64^-Reiationof temperat^ lytic process, so that the 

chlorophyl present may 
show a high efficiency per unit weight. A rise in temperature favors the 
action of the polymerizing enzyme and increases the photosynthetic rate 
when the enzyme activity is the factor that limits the photosynthetic rate, 
because the enzyme action has a high temperature coefficient. But when 
chlorophyl is deficient, temperature has little effect on the rate of assim- 
ilation, because this phase has a low temperature coefficient; under this 
condition a rise in light intensity will be effective in increasing photosyn- 
thesis. 

Willstatter and Stoll considered that the condensing enzyme had its 
seat of action at the surface of the chlorophyl particle and that it was 


concerned with breaking down the intermediate peroxide-like compounds 
of CO2 and chlorophyl with the release of oxygen and the production of 
the condensed product of photosynthesis. More than a single enzyme 
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may act. One may expect that one enzyme should have the ability of 
increasing the splitting of molecular oxygen from the chlorophyl-formalde- 
hyde-peroxide compound much as catalase splits molecular oxygen from 
hydrogen peroxide. There may be present more than a single enzyme for 
the polymerization of the formaldehyde. 



Fig. 65. — Clemente Arkadevitch Timiriazev, 1842-1920. 


“The starch deposited in the chlorophyll grains is therefore considered as an immediate product of the 
organic synthesis resulting from the decomposition of carbonic acid; from this one ought to expect that a 
leaf exposed during a suitable time to the light of a spectrum of sufficient intensity would show a deposit of 
starch strictly in accordance with the absorption spectrum of chlorophyll.” 

Enreiiistrement photographique dc la fonction chlorophyllienne par la plante vivante. Comptes rendas, Acad. 
Sci. Paris, no: 1346-1347- 1S90. 

III. Light Absorption by the Green Leaf 

Timiriazev (Fig. 65) showed that there is a close agreement between 
the light absorbed by chlorophyl and the wave-lengths effective in photo- 
synthesis. The transmission spectrum of the green leaf and of its alcoholic 
extract show essentially the same characteristics. There is complete ab- 
sorption of wave-lengths greater than about 7,000 A. with an abrupt 
shading into a strong transmission band beginning at about the B Fraun- 
hofer line of the spectrum. This band continues to about 6,750 A., when 
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there is abrupt shading into a strong absorption band. The strong trans- 
mission band in the red is striking. It is the last part of the spectrum to 
disappear as the quantity of chlorophyl before the spectroscope is in- 



Fig. 66. — ^Absorption spectrum of chlorophyl -a. (After Willstatter.) 


creased. Very concentrated layers of the green pigments in solution show 
transmission of this band and appear red. There is a maximum absorption 
of the visible spectrum at about the C line. Beyond this there are four 
minor absorption bands, the first in the orange, the second in the greenish 



Fig. 67. — Absorption spectrum of chlorophyl-b. (After Willstatter.) 


yellow, and two fainter bands in the blue and indigo. Practically com- 
plete absorption occurs at wave-lengths shorter than the G line. 

The absorption spectrum of the leaf is the resultant of the absorption 
of all of the leaf pigments. The portions absorbed by each component 
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can be seen from the absorption graphs of chlorophyl-a (Fig. 66) and 
chlorophyhb (Fig. 67). 



Fig. 68. — Absorption curve of a phycoerythrin solution. 

Chlorophyl solutions show in thin layers a green color by transmitted 
light, but a red fluorescence by reflected light. Chlorophyl has the ability 



Fig. 69.— Absorption spectra, i. Phycoerythrin. 2. Blue-green i.hycucyanin. 3 - Blue phyco- 
cyanin. 4. Bliie-violet phycocyanm. 

to absorb light of short wave-lengths and reradiate light of a longer wave- 
length. The principal wave-lengths reradiated from the green cells of 
leaves extend from about 7,000 A. to 6,750 A. This region lies in the 
region of high transmission by the green leaf. The fluorescence spectrum 
of chlorophyl dissolved in alcohol has a maximum at 6,540 A. When it 
is dissolved in lecithin, the fluorescence ma.ximum lies at 6,770 A. This 
very closely approaches the maximum fluoresence shown by most leaves 
and indicates that the chlorophyl in the leaf may be present in solution 
in lecithin or some closely related substance. 
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IV. Absorption Spectra of Green, Blue-Green, Brown, and Red Alga, 

In addition to chlorophyl and the carotinoids there are commonly 
present in some algae, pigments which modify their absorption spectra. 
The red alg® contain a red pigment called phycoerythrin (Figs. 68, 6g). 



The Cyanophyce^ contain the blue-green pigments called phycocyanins 
(Figs. 69, 70, 71). The phycocyanins are the characteristic pigments of 
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60 60 70 80 90 100 110 120 130 140 

Fig. 71. — Absorption curve of blue-green phycocyanin. 


the Cyanophyce^e, but they occur also in the RnoDOPHYCEiE. Evi- 
dently there are at least three phycocyanins which differ in their absorp- 
tion spectra. A blue-green phycocyanin occurs in Calothrix and other 
species of Cyanophyce^e, and also in Batrachospermum of the Rhodo- 
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PHYCE.E. Crystals and solutions of this pigment are blue to bluish-green, 
and solutions show a carmine-red fluorescence. A bright-blue phyco- 
cyanin occurs widespread in the CYANOPHYCEiE. Good preparations can 
be prepared from Phormidium sp. There is a blue-violet phycocyanin 
which can be prepared as dichroic rhombic crystals from Ceramium ru- 
hrum and Porphyra hiemalis. Variations in the proportions of these 
pigments change the absorption spectra of the algae. 

Table 22 

TRANSMISSION COEPFICIENTS OF LIGHT OF DIFFERENT WAVE-LENGTHS 
FOR PURE WATER 

Per cent transmitted to depths meters noted 

Wave- 


length 

iM 

SM 

loM 

2oM 

25M 

30M 

35M 

SoM 

75M 

looM 

300.0 

85.81 

46.5 

21.8 

4.6 

2.1 

I.O 

•47 

.047 

.001 

.00300 

415-0 

96.59 

84.0 

70.6 

49.9 

42.0 

35-2 

29.0 

17.6 

7-6 

3 -r 

420.0 

97-74 


88.7 

78.7 



65.8 




449.0 

98.81 

94.2 

74.1 

69.9 

54-9 

40.7 

30.3 

450.0 

98.03 



78.7 



65.8 




468.0 

98.81 

94.2 

88,7 

74-1 

69.9 

54-9 

40.7 

30.3 

470.0 

96.67 






49.8 



13-6 

475-0 

98.03 

90*5 

81.9 

67.1 

60.8 

55-0 

37-1 

22.5 

494.0 

97.06 






49.8 



13-6 

S06.0 

98.03 

90.5 

Si. 9 

67.1 

60.8 

55-0 

37-1 

22.5 

510.0 

97-54 


86.1 


68.8 




32-6 


522.0 

98.52 

97.8 

74.2 

63-9 

59-3 

47-4 

22.5 

525.0 

97.06 








68.6 

60.5 

537.0 

99-50 

97-5 

95-1 

90-S 

88.2 

86.0 

83-9 

77-8 

530.0 

97.93 








6.8s 


SSO.o 

96.48 

83.6 

69.9 

48.8 

40.8 

34.1 

28.5 

16.6 

2.7 

558.0 

96.48 








10.68 

5.06 

562.0 

97.06 

86.1 

74.2 

55-1 

47-4 

40.8 

35-3 

22.5 

575-0 

98.03 







6.1 


•38 

579-0 

94-59 

75-7 

57-3 

32.8 

24.S 

18.8 

14-3 

I-S 4 

5S7.0 

95-06 







00 

6 



589-5 

90.90 

62.0 

38.5 

14.8 

9.19 

5-7 

35 

0.075 

.0071 

600.0 

85.04 










600.5 

84.87 

44-0 

19-3 

3-76 

1.6 

.72 

•32 

.027 

.0045 

610.2 

82.68 










61S.0 

81.48 

35-9 

12.9 

1.6 

-59 

.21 

.077 

.0035 



625.0 

80.10 

32.9 

10.8 

1. 18 

.39 

.12 

.0429 

.0015 



636.0 

79.96 

32.6 

10.6 

1. 14 

.38 

.12 

•0396 

.0013 



6370 

79-65 



.627 

.iS 






640.0 

77-6i 

28.0 

7.92 

.049 

.014 

.00013 



650.0 

78.68 







S.06X 10 



662.0 

75-64 

24.7 

6 . II 

•37 

.09 

.023 

.0056 

— 8 


663.0 

78.40 










675.0 

72.10 

19.48 

3-79 

.141 

.028 






687.0 

70.3s 

17-23 

2.96 

.0S8 

.0151 

.00045 

2.31 Xio 

™ 6 



700.0 

57.83 

6.4 

.40 

.00167 .00107 

6.SX10- 

-6 




779-0 

1. 70X10- 

_ 10 










These pigments, phycocyanin and phycoerythrin, seem to be pro- 
tein in nature. The pigment evidently contains an albumin joined to 
the pigment group in somewhat the same manner as hemoglobin. The 
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presence of phycoerythrin may overbalance the color of other pigments 
in the red alg^e so that the absorption maximum lies between the D and 
E lines of the spectrum and the absorption between the B and C lines is 
very weak in comparison with the absorption spectra of green algae. 

In the Cyanophyce^e the absorption maximum lies at the D line in 
the orange. In the brown algae there are two regions of high absorption; 
between the D and E Hnes the absorption is a little greater than between 
the B and C lines. 

The red, green, brown, and blue-green algae show a difference in 
their distribution in the ocean. The green algae are mostly surface or 
shore forms. The blue-green algae are somewhat variable and seem adapt- 
able to different depths. The brown algae are littoral forms, while the 
red algae penetrate to the greatest depths into the sea. 

This distribution is at least somewhat in relation to the rays of light 
which can penetrate to the depths at which the alg£e grow (Table 22). 
Water quickly absorbs the heat rays and longer wave-lengths of the red 
part of the spectrum. The short wave-lengths penetrate to the greatest 
depths into water. The red algae growing at great depths are of a color 
such that they can absorb the light which reaches them. The red phy- 
coerythrin absorbs the blue and violet wave-lengths. This relation be- 
tween the light penetration into sea water and the ability of algae having 
colors complementary to this light led Engelmann to formulate his 
hypothesis of complementary chromatic adaptation. According to this 
idea the red algae are able to survive at great depths in the sea because 
they possess phycoerythrin which absorbs the light which penetrates 
down to them. The green algas are excluded from this region by their 
inability to absorb short wave-lengths of light so efficiently as the red 
algae. 

The blue-green algae are adaptable to different light qualities, and 
they are the best examples of complementary chromatic adaptation. 
When OsciUatoria is exposed to light of one color it tends to assume a 
color complementary to the color of the light, so that the light is more 
efficiently absorbed. In red light OsciUatoria is green in color, in green 
light it turns red, in yellow light it becomes blue-green, and in blue light 
brownish yellow. This complementary adaptation to the color of the 
incident light is brought about by the appearance within the cells of 
different proportions of the two pigments, phycoerythrin and phyco- 
cyanin. These pigments evidently fluctuate within rather wide propor- 
tions in some blue-green algae. The ability to adapt themselves to differ- 
ent wave-lengths of light would be of advantage not only in the ocean, 
but also under the forest cover where the light which penetrates shows 
a higher content of green wave-lengths, and under the dense cover of 
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pond weeds through which scarcely any light penetrates but the dark 
red band transmitted by chlorophyl. 

V. Radiant Energy and Photosynthesis 

There is evidently an adaptation of plants not only to the quality 
but also to the intensity of light. Quite commonly we know that some 
plants are shade-loving {heliophohous) or will grow only in strong insola- 
tion {heliophilous). Such plants as maidenhair fern, fir, yew, beech, and 
linden are more adapted to living in shade than in strong insolation. The 
jack-pine, larch, birch, locust, and plants of the prairie are adapted to 
strong insolation. Shade plants generally have a high content of chloro- 
phyl. Their chloroplasts give evidence of the injurious effects of too 
strong insolation. In many plants from the algae to 
the dicotyledons there are special adaptations for 
decreasing the light which falls upon the chloroplasts. 

In Mougeotia the chloroplast is a flat band lying in 
the center of the cell. In low light intensity the chlo- 
roplast lies at right angles to the incident light. When 
the light is increased excessively, it turns parallel to 
the incident rays. The chloroplasts of many higher 
plants are lens-shaped. In low intensities of light 
they occupy mostly the top and bottom of the pali- 
sade cells with the greater diameter exposed to light. 

But they may be moved with the cytoplasm to the 
lateral walls in intense insolation. In this position 
only the edge of the chloroplast is exposed to the light 
(Fig. 72). There are many good evidences that the 
noonday sunlight is too intense for the optimum 
rate of photosynthesis. 

At the upper limit of the atmosphere there arrives 
light energy equivalent to 1.94 calories per sq. cm. 
per minute. The highest value recorded from 191S to 1925 was 1.965 and 
the lowest value 1.909. The value fluctuates with changes in the sun’s ra- 
diation. The noonday intensity at the earth’s surface is much less than 
this value since the atmosp^here absorbs and reflects about 659^, of the in- 
cident energy. The maximum solar radiation varies through the year as 
shown in Fig. 73. The light intensity corresponds to about 9,250 foot 
candles at noon on June 21 at latitude 42° N. 

The radiant energy which plants receive shows its greatest heat value 
in the region of the spectrum below the visible rays. The visible rays 
represent only a small fraction of the energy received. The actinic rays 
which are effective in producing chemical transformations represent an 
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Fig. 72. — Transverse 
sections through the leaf of 
Lemna trisuka showing the 
fxksit ion assumed i>y the 
chloroplasts in (A) light of 
moderate intensity, (H) in- 
tense light, and (C) dark- 
ness. (After Stahl.) 



exceedingly small part, owing to their lesser abundance in the sun’s 
light and also to high refraction and reflection in the atmosphere. The 
ultra-violet rays are mostly lacking except in the summer and when the 


Decade 



Fig. 73. —-Maximum salar radiation per minute in gram calories per square centimeter at Washington, 
D. C. I. Solar radiation at normal incidence. 11. Solar and sky radiation on a horizontal surface, with clouds 
near the sun, but not obscuring it. III. Solar radiation on a horizontal surface, with cloudless sky. (From 
Kimball.) 

sun is at a high angle. Fig. 74 gives the relation of the sun’s height to 
the qualit}^ of light transmitted through the atmosphere. 


Sun’s 



Fig. 74. — Showing the variation in the spectral character of sunlight due to atmospheric 

absorption. 


The energy distribution in the light from an electric lamp is shown 
in Fig. 75. 

VI. Energy Storage in Photosynthesis 

The energy stored in the photosynthetic process was measured by 
Sachs by determining the increase in dry weight of leaves exposed to 
light and then calculating the energy storage from these data. The 
rate of the photosynthetic process can be measured also by finding the 
amount of CO2 utilized or of O2 produced. 
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Probably one of the best methods is to determine the heat of com- 
bustion of the substances produced by the leaves. This method avoids 
the difficulty of making a determination of the quantities of various sub- 
stances produced, whether carbohydrates, fats, or proteins. The heat of 
combustion of compounds is expressed in calories per gram or per gram- 
molecule liberated when the compound is completely oxidized by oxygen. 
The unit of heat energy, the calorie, is taken as the energy required to 
increase the temperature of one gram of water from 14.5° to 15.5® C. 



400 500 600 700 800 

Wave-length -millimicrons 
Fig, 75. — ^Relative energy output of a clear Mazda C lamp. 

In the process of formation of the photos>Tithate, light energy is stored; 
the process is endothermic. It is a reaction involving the reduction of CO2. 
The heat of the reaction is negative, that is, energy must be added to cause 
the reaction to proceed. We wish to find what percentage of the light 
which falls on the leaf is converted to chemical energy in the reaction. 

The great numbers of chemical substances formed by plants differ 
markedly in their energy content. In general, the plant constituents can 
be divided upon the basis of the chemical nature and heat energy value 
into carbohydrates, proteins, and fats. The relative energy values of 
these substances may be illustrated by the following examples: 

Table 23 


Substance Calorics per gram 

Glucose 3.74 

Sucrose 3.95 

Starch 4.18 

Cellulose 4-iS 
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Table 23 — Continued 

Substance Calories per gram 


Legumin $>62 

Globulin 5 • 

Hordein 5-92 

Olive-oil 9*45 

Linseed -oil 9-43 


The most condensed storage form is fat. It has the greatest heat 
value per gram. More energy is required to form fat, and more heat is 
evolved when it is burned by respiration or ordinary combustion, than is 
evolved from carbohydrate or protein. From the relationship between 
the sugars and starch it is evident that the energy per gram is increased 
when the anhydride is formed, yet the increase is not great. 

The molecular heats of combustion of three typical plant substances 
are as follows: 

Glucose C6H12 0 (j per mol 677 X lo^ cal. 

Leucine CeHu O2 N per mol 857 X lo^ cal. 

Stearic acid CisHao O2 1/3 (<^c) 903 X lo^ cal. 

If we use the increase of dry weight as a measure of the rate of photo- 
synthesis, we must take into account the nature of the substance formed. 

In the process of photosynthesis the first step is the solution of the 
CO2 of the air in H2O of the leaf to form H2CO3. In this reaction very 
little energy is involved, and hence the reaction is easily reversible. The 
carbonate ions of the leaf are maintained at a fairly constant concentra- 
tion by equilibrium with the CO2 of the atmosphere. If one considers 
that formaldehyde is the first product of photosynthesis and the polymeri- 
zation of this to a hexose then follows, the principal energy storage reac- 
tion of photosynthesis is this formation of formaldehyde. Six molecules 
of formaldehyde yield on combustion 733.2 Xio'”^ calories. The heat of 
combustion of the equivalent molecule of glucose yields 677.2X10'^ 
calories. Hence if formaldehyde is polymerized to glucose, there is a 
liberation of 56 Xio^ calories for each molecule of glucose formed. The 
polymerization reaction is exothermic. 

The energy of the light which falls on the leaf may be determined 
by various means. The bolometer is excellent for determining the energy 
distribution in different parts of the spectrum. The silver disk pyrheli- 
ometer is a convenient instrument for use in the field where the total 
radiant energy is to be determined. The Macbeth illuminometer is a 
convenient and accurate instrument for the measurement of light in- 
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tensities. The photoelectric cell and recording potentiometer is an ex- 
cellent means of obtaining continuous records of light fluctuations. 

Various attempts have been made to determine the efficiency of the 
leaf in energy storage by photosynthesis. Most of these estimates are 
very unfair to the efficiency of the leaf, for they do not give proper allow- 
ance for the fraction of the energy absorbed by the leaf. The estimates 
of the efficiency of the leaf as an organ for the storage of energy vary 
from .6 to 60% of the incident light energy being transformed into chem- 
ical energy. In the alga Chlorella the efficiency was estimated to be as 
high as 61%. Many of the estimates do not take into account the fact 
that the light incident upon the leaf may have been in excess and there- 
fore not limiting, or even injurious to the photosynthetic action. 

By using continuous artificial light which was controlled at an in- 
tensity which averaged for the 24-hour period about 292 foot-candles, 
Eaton found that in tobacco plants about 6.5% of the light energy re- 
ceived in the visible part of the spectrum was stored in combustible 
compounds. The energy values were determined from the heat of com- 
bustion method. The temperature (70° F.) and humidity were also con- 
trolled in this experiment. By measuring the volume of water transpired 
it was found that 45% of the energy was used in the evaporation of water. 

Probably the best estimates of the efficiency of use of energy in photo- 
synthesis is that made by Warburg and Negelein on the alga Chlorella. 
The conditions for photosynthesis were considerably better controlled 
than can be done in the case of air leaves, exposing the alga in water in 
a cell with silvered sides which was supposed to reflect back all the rays 
diffracted or scattered. A very dense suspension of the Chlorella was used 
so as to absorb all of the incident light. By the use of screens, light of 
the following wave-lengths was separated: red, 690-610 ju/z; yellow, 
578 Ai/x; green, 546 mm; blue, 436 mm- The red and yellow light were 
about 97% absorbed, the green was about 90% absorbed, and the blue 
was about 99%^ absorbed by the cells. The intensity of the incident light 
was measured by the bolometer. The rate of photosynthesis was meas- 
ured by calculating the energy utilized from a determination of the 
oxygen evolved. If v c. c. of oxygen are evolved, the energy utilized is 

assumed to be v ^ calories. This is the value to be assumed if the 

22,400 

whole of the CO2 is completely transformed into hexose with the req- 
uisite amount of water and the evolution of oxygen. 

It was found that the efficiency of the use of the energy in photo- 
synthesis increased as the light intensity decreased. Consequently, the 
efficiency was measured at the lowest possible light intensities and at 
higher intensities. Then by plotting a graph of the efficiency at these 
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various intensities a curve was given which on exterpolation gave the 
efficiency if the light intensity were taken at zero. For the different wave- 
lengths used the calculated efficiency in percentage of the total when 
the light intensity was at zero is given in the following table: 


Wave-lengths in ix/i 

S9% 

660 

678 

53-5% 

546 

444% 

43b 

33-8% 


The efficiency of different wave-lengths of light decreases with the 
decrease in wave-length. The red rays are most efficient in photosyn- 
thesis. By fluorescence of the chlorophyl the yellow, green, and blue 
wave-lengths are transformed into red wave-lengths from 700 to 
675 iJLiJL and reradiated. This band in the red has a relatively higher 
efficiency than the original wave-length. There is a transformation of 
the wave-lengths from the original, so that we may not have to do with 
the action of the original wave-length but with the efficiency of red light 
produced by fluorescence. 

Adams has recalculated the data of Warburg and Negelein on the 
basis of the following reaction: CO2 +3H2O— >2H202 +HCHO. The 
heats of combustion of all of the substances are taken as in solution in 
water as follows: 

Heat of combustion of one • molecule gaseous formaldehyde, +137.0 
Calories. 

Heat solution of one molecule of gaseous formaldehyde, +15.0 Calories. 
Heat of solution of CO2, one molecule, +5.6 Calories. 

Heat of formation of H2O2, one molecule (in solution), 21.7 Calories 
— 137.0+15.0—5.6-— (2 X2i.7)== — 171.0. The number of Calories per 
molecule required in the reaction are therefore: 171.0. 

Six molecules of formaldehyde are required for the formation of one 
molecule of glucose.' The heat of combustion of glucose is 677.2 Calories. 
The heat of solution is +3.2 Calories. Then one molecule of glucose in 
solution represents 674 Calories. 

The maximum absorption in the red shown by chlorophyl-a is at 

cNh 

X666 mjjL and by chlorophyl-b, X640 mju. Then if the value for — j- = 28.46 


Calories, the quantum values at the maximum absorption values of the 
two chlorophyls are 

Chlor. a, X666 mM = 42.7 Cal. per molecule 
Chlor. b, X640 mil =44.5 Cal. per molecule 
Warburg and Negelein found slightly more than four quanta of red 
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light absorbed by Chlorella per molecule of CO2 assimilated. If it is 
assumed that the absorption by both chlorophyls is equal and that each 
absorbs two light quanta, then the energy absorbed should be 2 x(42.7-f 
44.5) == 174.4 Calories per molecule. This is slightly greater than that re- 
quired for the above reaction. The maximum efficiency on the basis of 

glucose would be =64.4%. Warburg and Negelein^s results 

become for the average efficiency in the red (59%) 59 4-64.4 =91.6%. 

The formula for chlorophyl-a assumed by Willstatter is 
C55H7205N4Mg. Instead of Willstatter’s formula for chlorophyl-b, 
C55H7o06N4Mg, Adams proposes C56H7206N4Mg. 

Experiment has shown that in crude chlorophyl solutions protected 
from carbon' dioxide and exposed to light, the chlorophyl-b absorption 
tends to disappear, and reappears when the solution is exposed to air and 
light. Willstatter and Stoll found the ratio, chlorophyl-a, chlorophyl-b, 
consistently greater for leaves growing in sunlight than for leaves growing 
in the shade. They give for the mean values of the ratio, respectively, 
2.93 and 2.61, or a difference of 0.32, but if the results for the different 
species be weighted according to the number of observations, instead of 
being given equal weight, the mean values of the ratio become 2.93 and 
2.43, respectively, and the difference, 0.50. Their data also show that 
on cloudy days the ratio diminishes, that is, tends toward the shade” 
value. It is to be expected that during active photosynthesis the local 
carbon dioxide concentration would be lower than in the general atmos- 
phere. 

The chlorophyl may be pictured as going through a cycle of four 
reactions, two of them associated with the absorption of two quanta each 
of radiation, and two follow-reactions requiring water and carbon dioxide, 
but not hght: 

( ) Represents (C55H7204N4Mg) 

( ) 0 is Chlorophyl-a ( ) CO2 is Chlorophyl-b 
( j 0 H-H 20 + 2 Quanta X666 mix —>( )-l-H262 
( )+C02 ) CO 2 

( ) CO^-f H20+2Quanta X640 m/z ) CO+H2O2 
( ) CO+H2O •->( ) O+HCHO 

As to the 2-quantum absorption, two types of explanation are avail- 
able: first, the teleological one, since the energy required for either stage 
of the photosynthetic process exceeds the quantum for the wave-length 
of light available to plants, the plants were obliged to develop sub- 
stances which could pick up two quanta at a time; second, from the struc- 
ture of chlorophyl. 
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The structure given by Adams is slightly different from that given 
by Willstatter for chlorophyl-a, but the difference does not affect the 
discussion to follow. The two conjugate chains of eleven atoms each may 
absorb a quantum of red light. The differences between chlorophyl-a 
and chlorophyl-b do not involve these two chains, so only a slight differ- 
ence in wave-length of light absorbed is to be expected. 

CH 3 C-C CO— xC-C-CHs 

II X X 

C 2 H 5 C-C XX X:-C-C 2 H 5 

/C m( 

CH30C0C2H2C = C / \ ,C = C-C2H4COOC2oH39 

I )n n( I 

CH 3 C = C CH 2 — C =C-CH 3 

Chlorophyl-a 

The light energy falling upon the leaf may be disposed of by photo- 
synthesis, transpiration, transmission or reflection, and thermal emission 
to the surroundings (Fig. 76). Brown and Escombe estimated the energy 
budget of the leaf of Polygonun weyrichii under various conditions to be 
as follows: 

0.42- 1.66% photosynthesis 
9*67-57.01% transpiration 
35*28-35.31% transmitted 
6.01-54. 6% emitted 


PHOTO- 
SYNTHESIS \y. 


Fig. 76.— What happens to solar radiation incident on a chlorophyllous leaf. The values indicated give 
approximate disposal of the energy; the ratio varies with changes in external conditions. (After Spoehr.) 

Puriewitsch estimated the efficiency of foliage leaves under various con- 
ditions to lie between 0.6 and 7.7%. 

The percentage of the energy dissipated by transpiration was esti- 
mated by Briggs and Shantz as follows; 
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Wheat 54% 

Barley 73% 

Millet 85% 

Alfalfa 80% 

The energy so dissipated can be very closely approximated by weigh- 
ing the water evaporated. If the energy used in transpiration is added 
to that used in photosynthesis the efficiency of the plant is rather high. 

Upon the basis of material economy the plant is more efficient than 
most syntheses of organic chemistry. The leaf evidently gets a 100% 
yield from the CO2 absorbed. 



CHAPTER XXV 


PRODUCTS OF PHOTOSYNTHESIS 
1 . First Product of Photosynthesis 

Ever since the synthesis of a sugar by Butlerow from formaldehyde 
and the advancement of Baeyer’s hypothesis of the photosynthetic reac- 
tion, it has been a favorite idea among chemists that a hexose was the 
first sugar formed in carbon assimilation. Like Baeyer’s hypothesis this 
idea seems to have gained credence on account of its chemical simplicity 
and because it can be demonstrated in the test-tube. But this is no 
demonstration that a hexose is formed in the plant. In fact, the most 
careful analyses seem to indicate that not a hexose but sucrose is the 
first sugar appearing in the leaf. Brown and Morris concluded that su- 
crose is the first sugar of the leaf and that this sugar functions as a 
temporary reserve. When the sucrose of Tropceohm leaves reaches a 
certain threshold value, starch formation begins. This involves hydroly- 
sis and enolization of the fructose fraction to glucose before polymeriza- 
tion to starch. Although Sachs (Fig. 77) demonstrated starch as the first 
visible product of photosynthesis and proved that its formation depended 
upon the conditions requisite for photosynthesis, it does not appear in 
photosynthesizing cells for about five minutes after exposure to light, 
whereas oxygen evolution begins at once. It is hardly to be expected 
that so insoluble and unreactive a complex substance as starch would be 
the first product of photosynthesis. That a substance of the general 
formula (CHOH)n is formed is practically proved by the photosynthetic 

CO2 I 

ratio -7;- =-* 

O2 I 

nC02+nH20->(CH0H)n+n02 

n molecular n molecular 

volumes volumes 

If other organic substances such as oils, acids, or other substances 
with empirical formulae different from (CHOH)n were formed, the ratio 
would not be unity. 

Parkin working on the snowdrop and Davis, Daish, and Sawyer 
V, writing on the mangold leaf agreed with Brown and Morris that sucrose 
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is the first sugar produced. To support this view they state that sucrose 
is always present in relatively high proportion in the leaf. The sucrose 
is inverted by sucrase, which is secreted by or is distributed around the 
sieve-tubes. As one passes farther away from the photosynthetic region 



Fig. 77. — Julius von Sachs, 1852-1897. 

“I concluded . . . that the starch in the chloroplast is not only a secondary deposit, but that it must 
be considered as the product of the assimilation ability of the chlorophyll through the agency of light, 
that it is formed here from its separate constituents, and is conducted from here out to the growing bud 
parts and to the tissues which accumulate reserve materials. 

“If the seedlings developed in darkness, after the complete exhaustion of the starch, are placed in the 
light, the yellow chloroplasts in the first place turn green; if the light is intensive enough and acts suffi- 
ciently long, then starch grains form in the green chloroplasts, if the action of the light is not intensive 
enough, the chloroplasts turn green without the formation of starch in their interior. 

“If no starch appears in the green chloroplasts on account of too low light intensity, then the plants 
die as if in darkness; if on the other hand the light intensity is sufficient to produce starch in the chlorophyll, 
then this is distributed into other parts, principally into the buds, and these now begin further to grow. 

“ From these facts it follows that the growth of the bud parts is dependent upon the formation of starch 
in the chlorophyll of the leaves. From the conditions, that the first formation of starch begins in the chloro- 
phyll and that only the plant parts containing chlorophyll have the ability to evolve oxygen, it follows that 
the starch formed in the chlorophyll is formed here through assimilation, that is, it is formed out of in- 
organic substances: and that, on the other hand, no starch forms in the other non-green plant parts, but 
that it is transported into them, while the assimilation of the organic materials necessary, therefore, takes 
place in the chlorophyll-bearing cells of the leaves.” 

Ueber den Einjluss dcs Lichtes auj die Bildung des Amylums in den Chlorophyllkornern. Botanische 
Zeitung, 20: 365. -1862. 
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of the plant the hexoses increase in proportion, owing to the inversion of 
sucrose for translocation. 

During the day (Figs. 78, 79) the content of hexose in the leaves 
remains fairly constant, but sucrose fluctuates greatly. In the mangold 
leaf the hexoses fluctuate but do not show the regular periodic trend 
shown by sucrose. Sucrose increases during the day and diminishes 
during the night. It seems to be a temporary storage product. The 
possibility of maltose being the first sugar of photosynthesis is excluded 
by the meager quantities found in the leaf. Even when maltose is formed 



Fig. 78. — Variation in content of various carbohydrates in the leaf of potato during 
24 hours, July 16-17, 1914* (After Davis, and Sawyer.) 

from starch, maltase seems to be so greatly in excess that maltose is not 
ordinarily abundant in the leaf. It increases in quantity during starch 
digestion. 

Probably the best argument for sucrose being the first sugar of the 
leaf is that based on the work of Krasheninnikov. A definite relation 
seems to hold between the amount of carbon dioxide decomposed and 
the dry weight laid down by the leaf. The increase in dry weight for 
each unit weight of carbon dioxide decomposed is as follows: 


Bamboo 

0.60 

Cherry laurel 

0.60 

Sugar-cane 

0.67 

Linden 

0.74 

Tobacco 

0.68 


The formation of a carbohydrate of the composition C12H22O11, like 
sucrose, would give a value of 0.64 in good agreement with these data. 
The value if glucose were the first product should be a higher dry weight 
per unit of CO2 decomposed. 
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In the early stages of growth sucrose is the principal substance 
present in the leaf, whereas glucose would be expected to be more 
prominent if it were the first product of photosynthesis. De Vries by 
microchemical tests came to the conclusion that sucrose was the first sugar 
of the leaf. 



Fig. 7q.— C arbohydrates in mangold leaf: percentages at two-hour intervals. 

The best argument for the first product of photos>Tithesis being a 
hexose is its greater simplicity, but even here difficulty is encountered, 
for we should have to say which hexose appears first, or whether glucose 
and fructose are formed simultaneously or one is formed from the other 
by enolization to produce the secondary product, sucrose. This difficulty 
does not arise if sucrose is taken as the first product. Information on 
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whether the condensation habit of formaldehyde is into three, six, or 
twelve unit aggregates would help greatly in the solution of these ques- 
tions. 

II. Synthesis of Sugars in Photosynthesis 

Following the synthesis by Butlerow of a sugar from formaldehyde, 
Baeyer (1870) proposed that formaldehyde was produced by plants and 
condensed to sugars in a manner similar to synthesis which can be pro- 
duced in the test-tube. Six molecules of formaldehyde could condense 
to form a hexose. The Baeyer scheme of the reaction may be represented 
as follows: 


H 


c^' 

i 

H 


, 0 '' 


-C-— -- 
H 




■C 

I 

H 




0 ' 


.H. 

Uo" 

c---- 

H 


Uo" 

-c-—- 

H 




-C 

A 


1^0 


There is a progressive opening up of the C —0 groups, the H atom of the 
adjacent formaldehyde uniting with the 0 to form OH. The valence bond 
of the first carbon atom then may go to the next carbon. This reaction is 
easily pictured and easily accomplished in the test-tube, but it has been 
of greater difficulty to plant physiologists than its author ever antici- 
pated. Much time has been spent to demonstrate that formaldehyde 
exists in plants, and still we are unconvinced. Similarly, many trials 
have shown that formaldehyde can be used as a source of energy by 
plants, but still there is a question whether it is so used. 


III. The Synthetic Reactions 

Photosynthesis is dependent upon a rather narrow range of tempera- 
ture for its action. A Van’t Hoff temperature coefficient (Q/io) of 2-3 
for the photosynthetic process indicates a rather high degree of complex- 
ity for the photosynthetic reactions. This increase of two or three times 
in the rate of increase of photosynthesis with each 10° C. rise holds only 
for a limited range, from to 37° C. At low temperatures the Van’t Hoff 
coefficient, Q/io, is higher, and at high temperatures the coefficient is 
very low, indicating physiological disturbances of very complex nature 
at these temperatures. 

Probably two stages are concerned in photosynthesis, one a photo- 
chemical reaction with a low temperature coefficient (i-*i.42) and a 
chemical reaction with a higher temperature coefficient (2. 0-3.0). 

Chlorophyl in the colloidal state in the plastid can form an additive 
compound with carbon dioxide similar to the bicarbonates. This is pos- 
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sibly the first step in the photosynthetic reactions. The reactions may be 
indicated as follows: 




Mg +H2O -I-CO2 — 
or 

C=0 


HO OH 



This reaction is reversible, but also a slow decomposition of this compound 
occurs in the dark to produce Mg(C03) in a manner similar to the action 
of other acids in removing magnesium from chlorophyl to form phaeophy- 
tin. This intermediate compound then undergoes intramolecular rear- 
rangement, the energy of light is absorbed and a peroxide linkage forms 
which increases its instability. One oxygen atom is hberated, probably 
by the action of an enz3mie. 


Sn 


=Mg-0-C— H , 





The energy absorption increases the instability of this compound which 
may decompose, producing oxygen and formaldehyde. 


C 

C \ 

R Mg + 0 ?f HCHO 

/ 

>N 

C 
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Or it will be observed that this reaction might occur in the following 
steps: 



The splitting off of oxygen in the molecular condition seems more reason- 
able than that atomic oxygen should be split off. The atomic oxygen 
should be excessively reactive and if produced might combine with 
oxidizable substances of the cell rather than with another oxygen. The 
two atoms may be split off simultaneously. They may be joined by one 
valence already as shown in the formula. 

The formation of peroxide-like structures is a property also of 
other fluorescent pigments. This indicates that the property of fluo- 
rescence of chlorophyl may be bound up with a shift in the oxygen link- 
ages. 

1 

The activated or nascent formaldehyde H — C — OH has a divalent 

I 

carbon and has the same composition as formaldehyde, H — C= 0 . 

I . ^ 

Yet H — C — OH would be more reactive. It is this activated formalde- 
hyde, according to Baly, which might yield the H — C — OH groups of 

carbohydrates. According to Baly the short ultra-violet wave-lengths 
about 220 may produce the synthesis of activated formaldehyde from 
CO2 and H2O without the presence of chlorophyl. The polymerization of 
formaldehyde to hexose is brought about by somewhat longer wave- 
lengths about 280 fifx. 

The function of chlorophyl as a photocatalyst in the photosynthetic 
process is to make an unstable compound with the H2CO3. By this com- 
bination the frequency of the vibration required to bring about the 
transformation and storage of energy is made of a longer wave-length 
than the 220 h/jl required for a reaction of the inorganic constituents; 
carbon dioxide, CO2, and water, H2O. The frequency of vibration de- 
manded is brought into the part of the spectrum lying mainly between 
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the B and C lines (6600 — 6000 nfi). This part of the sun’s spectrum has a 
much higher energy content than the region at the wave-length of 220 /i/x. 
The light rays of a wave-length of 220 fiji are largely absorbed from the 
sun’s rays by the atmosphere. The intensity of irradiation at this wave- 
length is usually very low. Other pigments than chlorophyl, such as 
malachite green, seem to have a similar effect as photocatalysts in CO2 re- 
duction by light in vitro. 

It is well known that reactions involving great energy absorption to 
drive them in the direction of synthesis require short wave-lengths of 
light for their photocatalysis. Reactions involving lesser energy change 
do not require such high-frequency vibrations and may be catalyzed by 
longer wave-lengths, even down into the heat wave-lengths. 

The configuration of a complex molecule, such as the additive com- 
pound of chlorophyl with CO2, is determined by equilibrium between 
attraction or valence forces which tend to hold it together and instability 
tensions which tend to disrupt the compound. When the instability 
tensions exceed the valence forces, decomposition of the compound en- 
sues until a new equilibrium is reached in the system. Definite quantities 
of energy are absorbed at the decomposition of each molecule. The more 
closely the complex molecule has already approached its stability limit, 
the less is the energy needed to be added to decompose it. On the basis 
of the quantum hypothesis, a definite quantity of light energy is stored 
in the reaction, and a lower frequency of radiant energy is required when 
the instability is great. Carbonic acid (H2CO3) being a very stable com- 
pound is restricted in its photocatalysis to the absorption of light in the 
ultra-violet region of the spectrum. Any activation which renders car- 
bonic acid sensitive to light of lower frequencies is the result of the pro- 
duction of an increased strain along one of the valence bonds. This 
increased strain involves the imposition of a reducing potential upon an 
oxygen of the carbonic acid or the substitution of that oxygen by a reduc- 
ing agent. 

It seems prooable that not just a simple additive compound of 
chlorophyl-a with CO2 is involved in the photos\mthetic reactions, be- 
cause there exists the oxidized form of chlorophyl-a, which is chlorophyl-b. 
It has been indicated that in chlorophyl-a one of the acid groups may be 
bound up in a lactam ring Alg — NHCO. Possibly this group becomes 
oxidized to a COOH group in chlorophyl-b. The relatively constant 
proportions of chlorophyl-a to chlorophyl-b indicates that some sort of 
equilibrium is established between these two compounds. Reactions have 
been outlined which indicate that the oxygen evolved in photosynthesis 
may be liberated during the re-formation of chlorophyl-a from chloro- 
phyl-b. 
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niuminated solutions of chlorophyl become increasingly metastable, 
resulting in either a coagulation of the particles in colloidal solution or 
actual chemical decomposition of the molecule. More should be known 
about the decomposition products when chlorophyl is exposed to light. 
Formaldehyde has been demonstrated as one of the products. This has 
led many chemists following Baeyer to assert that formaldehyde is 
produced by the photosynthesis of plants; but other explanations, such 
as the suggestion that activated formaldehyde is the compound, are 
possible and avoid certain difficulties met with in the Baeyer hypothesis. 
Such unsaturated compounds, containing a divalent carbon atom as in 
activated formaldehyde, are highly reactive. The known tendency of 
substances with the aldehyde grouping to condense may be due to the 
ease of shifting from the C -=0 to the C — OH group. It may be that the 
chlorophyl molecules in the colloidal condition may be held together by 
accessory valences of magnesium or nitrogen and thus bring into adjacent 

I 

positions the newly formed H — C — OH groups. Furthermore it is known 

I 

that organic substances on activation by X-rays have a regular habit 
of condensing in a certain-sized polymer, such as acetylene, polymerizing 
to a solid under the action of X-rays. Probably similar tendency is shown 
by the activated formaldehyde whereby it tends to produce 3, 6, or 12 
carbon units. Bovie suggests that the H2CO3 molecule is oriented at the 
chloroplast surface so as to facilitate condensation. 

There is much greater absorption of CO2 by the leaf than can 
be accounted for by the combination of CO2 with chlorophyl. There 
must be other substances in the cells capable of combining with the 
CO2. 

The theory of Siegfried that CO2 is not reduced as such in the plant, 
but that CO2 combines first with amino acids and that these carbamino 
acids enter the chlorophyl reduction complex, has gained some support. 
Calcium salts of the carbamino acids of glycocoll and alanine were sub- 
jected to rays from a quartz mercury-vapor lamp. The illumination re- 
sulted in the appearance of slight traces of ammonia, formaldehyde, and 
methyl alcohol. The conversion of amino acids to calcium carbaminales 
renders them more sensitive to photo-oxidation, but does not facilitate 
the reduction of bound H2CO3 to formaldehyde or its equivalent. The 
carbaminate might condense with chlorophyl as well as carbonic acid. 
The amino acids may function in the photosynthetic process by in- 
creasing the absorption and binding of CO2 by the protoplast. The 
amino acid concerned may be combined with other amino acids into 
proteins. 
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I 

R— C~COOH 


CbmbinatioD of carbonic add with an amino add 

If amino acids are of importance in photosynthetic reductions, it 
would fit in with the idea that the proteins of the plastid are not entirely 
passive in photosynthesis. 

If activated formaldehyde with a divalent carbon is produced, it is 
possible that photosynthesis results not in the formation of one single 
compound, but that several final products may be formed, depending 
upon the physical conditions and upon the supply of accessory substances 
in photosynthesis, such as the nitrates. 

Other constituents of the plastid than the amino acids or proteins 
may be of importance in the photos3mthetic reactions. Chloroplasts are 
rich in iron. Potassium is usually found abundantly in the chloroplast. 
The occurrence of potassium around the plastid led Stoklasa to believe 
that it is of importance in photosynthesis. Potassium is a radioactive 
element and seems to be necessary for carbohydrate s3mthesis. Plants 
with deficient potassium show a bronzed-green color and poor carbohy- 
drate synthesis, indicating some disturbance of the photos3mthetic 
mechanism. 

Potassium might accumulate around the plastid through the removal 
of the NO3 radical for amino acid synthesis from potassium nitrate, 
KNO3 +H 20 -»-'NH 2 +K+ +O2. Potassium in excess would produce an 
alkaline reaction in the plastid or around it. A slight shift in the actual 
acidity (pH) to the alkaline side of neutrality would greatly favor the 
absorption of carbon dioxide. Such an action could hardly be favored 
by calcium or magnesium in substitution for potassium on account of 
their removal as calcium or magnesium carbonate in a slightly alkaline 
medium. 

A deficiency of magnesium in the culture medium of plants has a 
depressing effect on photosynthesis, probably because the ciuantity of 
chlorophyl is decreased. Similarly the lack of iron leads to a decreased 
photosynthesis, and probably for the same reason. 

The photosynthetic process is very easily upset by deficiency of water 
or of oxygen or by the presence of anesthetics such as chloroform, although 
the conditions imposed are not sufficient to stop respiration. Photosyn- 
thesis will not start in an atmosphere devoid of free oxygen. Evidently 
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conditions suitable for the existence of the plant by anaerobic respira- 
tion are not suitable for photosynthesis. Leaves with a poor carbohydrate 
supply, such as partly etiolated leaves, cannot withstand as low oxygen 
concentration and still carry on photosynthesis as those which are well 
supplied with carbohydrates. Photosynthesis is probably a more com- 
plex process than respiration, or a process which requires the functioning 
of some process of aerobic respiration. 

Six definite stages can be recognized in the photosynthetic proc- 
ess: 


1. The physical process of diffusion of CO2 into the leaf. The temperature 

coefficient, Q/io, of this process is 

2. Absorption of CO2 to form H2CO3 or the HCO3" and COs^ ions which 

may immediately react with basic groups of the amino acids or proteins 
to form carbaminates. The temperature coefficient in this stage should 
be that for chemical reactions, Q/io, 2-3. 

3. The formation of an addition compound between chlorophyl and either 

H2CO3 or the carbaminate formed in stage 2. The temperature coeffi- 
cient of this reaction should be of the order of 2-3. 

4. Isomerization of the additive compound formed in stage 3 by the absorption 

of light energy. A peroxide linkage is formed. This is a physical process 
mainly and should have a Q/io of 1--1.4. 

5. The cleavage of the isomerized chlorophyl peroxide formed in stage 4 to 

formaldehyde and oxygen, to regenerate the chlorophyl. The tempera- 
ture coefficient in this stage is such as to indicate enzymatic action. It 
is this stage which limits the photosynthetic rate at high light and CO2 
intensity. This stage can proceed in the dark. It has been referred to 
as the Blackman reaction. 

6. The polymerization of the activated formaldehyde or ordinary formalde- 

hyde formed in stage 5. The temperature coefficient of this stage should 
be of the order for chemical reactions or higher, since it may be brought 
about by enzymatic action. 

IV. Effect of External Conditions on the Rate of Photosynthesis 

The rate of assimilation of carbon in photosynthesis is not only de- 
pendent upon the internal conditions which have already been mentioned 
but also upon external factors. Chief among the factors of the environ- 
ment which limit the rate of photosynthesis are the carbon dioxide 
supply, the intensity and quality of the light incident upon the leaf, the 
water supply, and the temperature. 

Liebig in his statement of the Law of the Minimum indicated that 
growth in the plant was limited by that nutrient which was present in 
the minimum quantity in proportion to its requirement by the plant. 
Blackman extended this idea to photosynthesis, involving also environ- 
mental conditions other than nutrient substances. Blackman (Fig. 80) 
states the principle as follows: “When a process is conditioned as to its 
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rapidity by a number of separate factors, the rate of the process is lim- 
ited by the pace of the slowest.’’ As an illustration, the following example 
may be given: Suppose a leaf is exposed to sufficient light and other 
proper conditions to assimilate 5 c. c. of CO2 per sq. meter per hour. If 
it is supplied with i, 2, 3, 4, 5, 10, 15, 

20 c. c. of CO2, only 5 c. c. of CO2 will 
be assimilated and no more. When i, 

2, 3, or 4 c. c. were supplied, the supply 
of CO2 limited the rate of assimilation. 

When 10, 15, and 20 c. c. were sup- 
plied, the CO2 supply was not limit- 
ing; light intensity or other factors 
limited the rate. If the light intensity 
had been increased, additional 
amounts of CO2 might have been as- 
similated. Blackman points out that 
other factors than those under obser- 
vation and control may become lim- 
iting factors. We have seen that in- 
ternal conditions such as the quantity 
of chlorophyl will influence the rate. 

The photosynthetic rate is decreased 
also by deficient water supply. The re- 
lation of the interaction of two limit- 
ing factors in photosynthesis may be illustrated by Fig. 81. Along the 
curve AB the rate of photosynthesis is limited by the concentration of 

CO2, the light intensity being in 
excess. But from B to C the rate 
is limited by the light intensity, 
the CO2 being in excess so that 
further additions do not increase 
the rate of photos^mthesis. If 
the light intensity should be 
doubled as shown by ABDE, the 
light intensity does not become 
limiting until a higher photos\Ti- 
thetic rate is reached, repre- 
sented by DE. On further in- 
creasing the light intensity it may become a limiting factor only at the 
photosynthetic rate FG. 

In similar manner the interaction of light intensity and the tempera- 
ture may be illustrated by Fig. 82. 



Fig. 81. — Scheme to illustrate the action of a lim- 
iting factor. (After F. F. Blackman.) 



Fig. 80. — Frederick Frost Blacknaan. 
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Fig. 82. “Curve illustrating the effect of temperature on 
assimilation of cherry laurel under the influence of light of 
different intensities, i, unit intensity of light; 2, twofold 
intensity; 4, fourfold intensity. (After Matthaei.) 


Figs. 83 and 84 show the photosynthetic rate when light intensity 
alone is the limiting factor in the external conditions. At intensities 
above 3,000 lux the photosynthetic rate does not increase appreciably. Ev- 
idently the photosynthetic rate 
is limited at this intensity by 
factors internal to the cells. 

The effect of concentration 
of the CO2 in the water as a 
limiting factor may be illus- 
trated in the photosynthesis 
of Hydrilla by the graph in 
Fig. 85. When the CO2 con- 
centration is above 30 mgs., 
further increases do not result 
in an increase in photosyn- 
thetic rate. If the graph is ex- 
terpolated to cut the horizon- 
tal axis, there is indicated a 
minimum concentration of 
1.2 mgs. of CO2, at which ev- 
idently the rate of CO2 evolution from respiration balances the CO2 intake 
from the medium for photosynthesis. At this point the actual photosyn- 
thetic rate is made up of the sum of 
the minimum value and the quantity 
of CO2 produced in respiration. 

The concentration of CO2 in the 
atmosphere as a limiting factor may 
be illustrated by the graph in Fig. 86. 

In the free air the content of carbon 
dioxide is practically constant at 
three parts in ten thousand of air. 

But in closed greenhouses even this 
low value may be decreased unless 
there is decaying manure to supply 
carbon dioxide. In forests in which 
there is much fermentation of organic 
materials in the soil, the quantity 
of CO2 is higher. The CO2 concentra- 
tion is quite commonly a limiting fac- 
tor in the photosynthetic process. 

The effect of temperature as the only external limiting factor is shown 
by graph in Fig. 87. The photosynthetic process shows a minimum at 



83. — Photosynthetic curve under variation 
of intensity of light. (After Bose.) 
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about the temperatures at which the cells of the leaf freeze. From 
about 15° C. to 27° C. the curve for the photosynthetic rate is nearly 



Fig. 84. — Curve to illustrate the relation between light intensity and rate of photos3Tithesis in 
Fontindh. (Constructed from the data of Harder.) 

a straight-line function of the temperature. There is a sharp maximum 
which for most plants lies* between 30° C. and 35° C., beyond which 



Fig. 85. — Pholosynthetic curve under variation of CO i concentration. (After Bose.) 


there is a rapid falling off in the rate and a second minimum at 47° C. or 
below. 
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Kanitz in his Temperaiur und Lehensvorgange gives the temperature 
coefficients of photosynthesis as follows (Table 24). 



3 9 15 21 27 33 39 45 51 (i57 63 G9 75 81 8790 

CcO2’‘10' 


Fig. 86 . — Efifect of CO 2 concentration on the rate of assimilation in Chlorella. (After Warburg.) 

Table 24 

Temperature Assimilation of CO 2 Q/io 

o^C, 


—6 

2 

0 

1-75 

10 

4 - 2 . 

20 

8.0. 


30 15-9 


0 / 

• 

40.5 

14.9- . 


28.7 

2.4 

2.12 

1.76 

1. 81 

23 


It should be noted that the value of Q/io from o° C. to 37° C. is almost 
constant. Evidently, within these limits the temperature does not 


change the rate of its effectiveness, that is, each 
rise of ten degrees may be relied upon to double 
the rate of photosynthesis. Below 0° C. the tem- 
perature is much more effective than within the 
range 0° C. to 37® C., and above 37° C. a rise 
of temperature causes a fail in the coefficient. 
The maximum of the rate of photosynthesis is 
reached at 37° C. This is stated as the optimum 
temperature. Above that temperature, evidently, 
certain processes which are detrimental to photo- 
synthesis are increased at a more rapid rate than 
the photosynthetic rate is increased by the rise of 
temperature. Duclaux gives an excellent picture 
of the establishment of such an optimum (Fig. 88). 
If the rate of a process increases with rise of tem- 
perature according to the graph AB, processes 
tending to decrease the effect, as by inactivating 
the chloroplasts, etc., may be represented by CD. 



Fig. 87. — P hotosy nthetic 
curve of llydrilla under variation 
of temperature. (After Bose.) 
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The result of the interaction of these two opposing reactions will be ex- 
pressed by a curve AE, which has a point of inflection at the tempera- 
ture at which the depressing factor overbalances the effect of the stim- 
ulating factor. There will result a point at which the process will proceed 
at the maximum rate. The corresponding temperature is the optimum 
temperature for the process. 

In measuring the effect of temperature upon the photosynthetic rate, 
the time of exposure to the temperature must be taken into account. 
In Fig. 89 curve ABC shows the initial photosynthetic rate of cherry 
laurel. Curve C1C2C3 shows the rate two hours after the leaf was placed 
at the particular temperatures. From the differences in these graphs it 
is evident that the initial rate of photosynthesis is not maintained, but 



Fig. SS. — Dudaux’s explanation of the establishment of an optimum. 

a time factor is to be taken into account. The initial rate above about 
22° C. falls off with time. The curve ABCDEFG shows the rate at the 
start of the exposure to the given temperatures Ci, Di, Ei. If after the 
lapse of different times of exposure to the temperatures, determinations 
of the rate are made, it is found that the rates have decreased and are 
now represented by rates C2, Do, E-?, Fo, and later by C3, D3, E3, F3, 
C4, D4, E4, F4, etc. A series of curves can be drawm through the points 
Cl, C2, C3, C4, C5, Di, Do, Ds, D4, D5, and at the higher temperatures 
these curves may be exterpolated to meet the extension of the curve 
representing the initial rate curve ABCD. Evidently the maximum 
temperature at which photosynthesis can occur is determined by the 
point at which the initial rate of photosynthesis falls immediately to 
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zero. This may be indicated by the perpendicular line GH. This line 
strikes the temperature axis at 4f C., which is found to be about the 
maximum for photosynthesis. In similar manner there could be found a 
temperature at which the initial rate should be maintained with time, 
and below which the time factor should not be limiting for the process. 

The photosynthetic rate of Elodea in water is shown in Fig. 90. A 
line drawn parallel to the base line cuts the three curves at points which 



5 *^ 15 “ 25 “ 35 ° 45 ° 55 ° 

Temperature deg. C. 


Fig. 89. — Curve showing initial assimilation maxima at dilTercnt temperatures. For further 
explanation see te.xt. (After Blackman.) 

correspond to the lowest value of each of the three factors necessary to 
give the rate of photosynthesis indicated on the vertical axis. Thus on 
line ABC a photosynthetic rate of 0.015 hour can be maintained 

only when the carbon dioxide concentration is not lower than .005%, 
the temperature not less than lo*^ C., and the light intensity not less than 
4 units. The limiting factor curve may not always adhere rigidly to a 
typical form with a sharp angle at the point of change of the limiting 
factor. When two factors are close to the limiting value, a change in the 
one which is not limiting may have some appreciable effect on photo- 
synthesis. This will show itself near the inflexion point of the curve where 
the limiting factor is changing. 
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Under actual conditions of photosynthesis all of the factors undergo 
fluctuations. But the fluctuations in temperature and light intensity 



0.005 O.OI 5 10 15 20 2 4 6 8 

Concentration Temperature Light intensity 
of carbon deg. 

dioxide 

Fig. go . — Interrelation of environmental factors and rate of photosynthesis in Elodea. 

(After Blackman and Smith.) 

show a greater range than the carbon dioxide concentration in the at- 
mosphere. The daily periodicity of teihperature fluctuation is a function 
of the sunlight variation. The light and temperature relationships for a 
particular day may be represented by Fig 91. The temperature curve 



Fig. qi. — Record of diurnal variation of light and of temperature in summer. (After Bose.) 

shows an accumulative effect of the sunlight exposure. The light in- 
tensity reaches a maximum when the sun is at the zenith, twelve o’clock. 
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The temperature curve usually does not reach a maximum for two hours 
after noon. 

The length of the light exposure is determined by the position upon 


Fig. 92. — Relation of season and latitude to the length of the day. 

the earth and by the earth's position in relation to the sun. Fig. 92 gives 
a summary of the lengths of the day at various latitudes. At the equator 
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Fig. 93. — Illumination from a cloudless sky on a horizontal surface at latitude 42° north. Foot- 
candles. (After Kimball.) 

the day is twelve hours long; at the poles it varies from zero to twenty- 
four hours. The angle of incidence of the sun’s rays determines the 
daily range of the light intensity, as shown by Figs. 93 and 94. The 
light intensity on various planes may be illustrated by comparison 
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of the intensities of the horizontal and vertical components. The orien- 
tation of leaves in different planes determines the light intensity ar- 
riving at the surface. The presence of clouds modifies the iUumination 
as shown in Fig. 95. 




Fig. 94. — Illumination from a cloudless sky on a vertical surface facing south at latitude 
42° north- Foot-candles. (After Kimball.) 


The position of the sun during the year modffies the illumination on 
the vertical and horizontal planes so that the total daily illumination 



Fir.. Q5. — Illuminalion from a cloudy sky on a horizontal surface at latitude 42° north. 
Foot -candles. (After Kimball.) 


varies on these surfaces. When the sun is high (in June for north latitude) 
the illumination is highest on a horizontal surface (Fig. 96). A vertical 
surface facing south receives the greatest illumination in February and 
November (Fig 97). 
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The fluctuation of the photosynthetic rate throughout the day with 
the accompanying fluctuation of temperature and sunlight intensity for 
a particular day, place, and plant may be illustrated by Fig. 98. 

The quality of light affects the photosynthetic rate. Only the energy 



Fig. 96. — Total daylight illumination on a horizontal surface with a cloudless sky 
at latitude 42° north. Foot-candles. (After Kimball.) 


absorbed by the chlorophyl can be used in photosynthesis. The absorption 
maximum for the green leaf lies between the B and C Fraunhofer lines. 
The greatest efficiency of the different wave-lengths is at this same wave- 
length. Fig. 99 shows the energy distribution in the sun’s spectrum (thin 



Fig. 97. —Total daylight illumination on a vertical surface facing south with a cloudless 
riky at latitude 42° north. Foot-candles. (After Kimball.) 


line) and the corresponding rate of photosynthesis (heavy line). The 
energy content of different parts of the spectrum is not equal in this 
graph. When the energy content at each wave-length is kept the same 
and only the frequency of the vibration is changed, it is found that the 
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wave-lengths of light lying between the B and C Fraunhofer lines are 
most efficient in photosynthesis (Fig. 100). There is a rapid decrease in 



Fig. 98. — The curves for light (dotted line), temperature (thin line), and resultant 
photosynthetic activity (tMck line). (After Bose-) 


efficiency for wave-lengths longer than the B line. In the region lying 
below the B line and marked by the fluorescence color of chlorophyl both 



Fig. gg. — Curves showing distribution of energy' in the spectrum (thin line) and cor- 
responding photosynthesis (thick line). (After Bose.) 

the efficiency and the relative light absorption are less than at other 
wave-lengths of the \dsible spectrum. In the violet end of the spectrum 
the efficiency in photosynthesis is very' low, although the light absorption 
is high. Probably the short wave-lengths are absorbed by other substances 
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in the leaf than chlorophyl, and for this reason the photosynthetic effi- 
ciency is low. Probably the energy absorbed by the carotinoids from the 
blue- violet region is not available for photosynthesis. 

It was reported by Ursprung that plants of Fhaseolus multifiorus ex- 
posed to light cease to form starch after a time owing to “ solarization.” 
Leaves exposed for five hours contain abundant deposits of starch, but 
on nine hours of exposure little starch was present in the leaf. Using 



Fig. ioo. — Broken line represents the percentage absorption of the light by the green pigments of the 
living leaf. Solid line represents the starch formation in bean leaf when the energy content of the radiation 
is the same for each wave-length. (After Ursprung.) 


continuous artificial light, however, there is a continuous piling up of 
starch in the leaves of cabbage until they become richer in starch than 
potato tubers, the leaves having over 50% acid hydrolyzable materials 
on the dry weight basis. 

With the fluctuating photosynthesis of the day and night alternation, 
there is a periodic fluctuation of the starch and of sugar concentrations. 
When the illumination is not interrupted, as under artificial light, the 
daily fluctuation of carbohydrates ceases. There is established an equi- 
librium between starch, sucrose, and hexoses, because the conditions are 
uniform and equilibrium can be reached between the various forms. 
There will be a balance between photosynthesis, respiration, and growth, 
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or a balance between the formation and the utilization of the carbo- 
hydrates, other conditions in the environment being equalized. 

The growth rate is uniform if relatively short intervals, such as suc- 
ceeding hours or days of an indeterminate growth are measured. The 
photos3m.thetic rate may then at the equilibrium point be limited by the 
accumulation of the photosynthate. Sapozhnikov observed a slowing of 
the photosynthetic rate after the photos3mthate had time to accumulate, 
and attributed this to the mass action of the accumulated products of 
photosynthesis. The rate of photosynthesis may be influenced from both 
ends of the equation, both from the supply of inorganic substances and 
physical factors and by the rate of removal of the photosynthate. 

At a certain intensity of constant continuous artificial illumination 
the respiratory rate will be just suflBcient to balance photosynthesis pro- 
vided other environmental conditions are constant. This intensity of il- 
lumination will be the compensation point (Table 25). There wiU be 
neither evolution nor absorption of carbon dioxide, and when it is in 
excess of the amount used in respiration carbohydrate is available for 
growth. Using growth as a measure of the compensation point, and with 
aU external conditions constant, Steinbauer found that the minimum 
light intensity for growth was different for sun-loving and shade-loving 
species of plants. The light intensity required to maintain the compensa- 
tion is different for different species of plants, evidently depending upon 
their efficiency in the use of the light to which they are exposed. 

Table 25 

COMPENSATION POINTS AT ABOUT 20° C. 

(Data from Plaetzer) 

Species 

Myriophyllum spicatum 

Cabornba carol inlana 

Elodea canadensis (in summer 
“ “ (in winter) 

Spirogyra sp 

Cladophora sp 

Fontinalis anti pyrctica 

Cinclidotiis aquaticus 


Compensation point 
. . . . 128 lux 

• ■ ■ • :)o 

2 “ 
iS 

.... 174 “ 

■ - ■ • 253 

.... 150 “ 

.... 400 “ 
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PART VI 

RESPIRATION 

CHAPTER XXVI 

MATERIAL AND ENERGY RELATIONS 

From its end-result, aerobic respiration can be considered as a reversal 
of the photosynthetic process. The energy which was stored by the re- 
duction of carbon in photosynthesis is released in respiration by oxidation; 
but to assume that there is merely a reversal of the reaction, or that the 
respiratory process represents so simple a reaction as occurs in high- 
temperature combustion of hexoses, is impossible. Beginning with the 
usual substrate for oxidation, a hexose, the end-products for aerobic 
respiration can be represented by the equation C6H12O6+6O2— >6C02-f 
6H2O +674 L.C. But there are certainly many reactions and intermedi- 
ate compounds produced in plant respiration. The respiratory process in 
plants is catalytic. Warburg considers iron, copper, and manganese of great 
importance as catalysts in respiration. The oxidation of glucose in neutral 
solution in the test-tube occurs only very slowly at ordinary temperature. 
Through the catalytic system of the cell, the oxidation becomes rapid. 
We cannot hope now to outline all of the steps in this process. 

I. The Source of Energy 

Considering the whole plant kingdom, there are many different sub- 
stances used for oxidation, ranging from simple inorganic substances 
such as H2S, NH3, NO2, FeO, etc., to the most complex organic sub- 
stances. In aerobic respiration of higher plants the substance oxidized is 
most frequently a hexose or some more reactive substance derived from 
hexoses and having a composition with the same empirical formula. The 
oxidation of polysaccharides is carried out mostly after cleavage to 
hexose. The oxidation of fats also may be effected mainly after conversion 
into hexose. There are many side reactions, such as oxidations of un- 
saturated fatty acids, which do not require transformation to sugar. 
The plant oxidizes practically all of the substances which it contains. 
The utilization and the energy liberated from other substances usually 
is by no means so great as that from hexoses. From the prominence of 
hexose oxidations in the plant world, we may believe that even though 
other substances, such as H2S, H2, etc., are the source of energy in the 
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oxidation of some lower plants, the mechanism in their respiratory proc- 
esses is that of hexose oxidation. The energy obtained from the oxidation 
of the inorganic substances is used for the synthesis of organic com- 
pounds, which then may be respired. Whatever the source of energy is 
both in storage and in liberation the energy passes through the hexose 
stage to a major degree. Certainly from the standpoint of the quantity 
of energy transformed in the organic world, hexoses are the key sub- 
stances concerned in respiration. 

II. Emission of Radiant Energy in Respiration 

The energy liberated in oxidation, that is not used in chemical syn- 
theses, finally appears as heat. Heat production in plant parts is a func- 
tion of the respiratory rate. When the respiration is rapid, radiation to 
the surroundings from well-insulated plant parts may be insufldcient to 
dissipate the heat produced. The temperature then will rise, and attend- 
ant upon this the respiratory rate is increased. There is no mechanism 
for the control of the respiratory rate, such as exists in higher animals. 
The temperature of the plant part will rise until thermal emission, trans- 
piration, or conduction is able to dissipate the heat produced, or until the 
tissue is exhausted at the high temperature. The oxidation of substances 
in respiration continues even though the temperature is raised by the 
respiration to a point which does not permit of the further life of the 
organism. In some cases of fermentations, such as that of hay and saw- 
dust in piles, the temperature actually increases to the ignition point of 
some of the inflammable products of the bacterial fermentations. Plants 
imder very high oxygen concentration may be killed, evidently by too 
vigorous oxidation. 

By respiration the temperature within closed plum flowers may be 
raised several degrees above the temperature of the outside air. The 
respiration of stamens and pistils is rapid. The fertilized ovary respires 
more rapidly than the unfertilized ovary. The stimulus of the developing 
embryo is evidently responsible for this difference. 

In some fleshy flowers like skunk-cabbage, Spathyema foetida^ the 
floral parts may be kept from freezing by the heat developed in respira- 
tion. The temperature within the spadix may be 15° C. above the external 
temperature. In Arum italicum the temperature of the spadices was 
found to be 51° C. in an air temperature of 15° C. 

III, The Effect of Temperature on Respiration 

At very low temperatures, even in liquid air, there is some evolution 
of CO2 by seeds or other tissues which can be cooled to this degree without 
injury. As the temperature is lowered, the respiratory rate falls off rapidly 
at about 0° C. (Fig. loi). Between about 5° C. and 40° C- the tem- 
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perature coefficient Q/io of respiration lies between 2 and 3. A survey 
of the whole plant kingdom would show very different temperature re- 
lations for the respiration of different plants. Among bacteria and fungi 
the effect of temperature on respiration is especially variable. The amount 
of CO2 evolved gradually increases with the temperature until the plant 



Fig. ioi. — Relation of temperature to respiratory rate in Chlorella. (After Warburg.) 


is exhausted or up to the killing point of the protoplasm, usually at about 
50° C. (Table 26). 

Table 26 

CARBON DIOXmE PRODUCTION BY ICX> GMS. OF WHEAT SEEDLINGS PER HOUR 

IN THE DARK 

Temperature CO 2 in yngs. 


o 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 


10.14 

1S.7S 

28.95 

45-10 
61 .So 
S6.92 
100.76 
loS . 1 2 
109 . 90 
95-76 

63.96 
10 . 6 $ 
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Consequently there is no optimum temperature shown in respiration. 
There is no efective means of stopping the respiratory rate as the tem- 
perature rises. However, the nature of the respiratory process is remark- 
ably affected by different temperatures. 

In curves showing the effect of temperature on respiration there is 
usually found a break in the curve at about 15° C. This same temperature 
is found to be the limiting value for the oxidation of organic acids. The 
differences in the slope of the curve above and below about 15° C. may 
be explained on the basis of the velocities of two catenary reactions such 

as with velocities for the two phases, Ki and K2. These two 

Ki K2 

reactions may be differently affected by temperature, since they may be 



Fig. 102 — Upper curve, measurements by Kuijper (igio) of CO 2 production by Phum; white circles, 
1st hour, black circles, and hour of exposure to designated temperature. Lower curve, data by Slator on the 
velocity of CO 2 production by three types of yeast designated by different symbols. (After Crozicr.) 


catalyzed by different agents. They may show different critical thermal 
increments in the two phases of the reaction system. The rate of the 
slowest reaction will determine the rate of the whole process. It follows, 
then, in a catenary or other complex system in which several reactions 
are involved, that the critical thermal increment may be different above 
and below a certain temperature (Fig. 102). 

The critical thermal increments (see page 329) calculated for respira- 
tory processes in plants give commonly two values: 11 - 11,^00 and 
/X = 16,111 or 16,700 (Table 27). The first value is encountered at tempera- 
tures above 15° C., the second below that temperature. For the reduction 
of methylene blue (Fig. 103) by bacteria through the removal of H from 
succinic acid, /x = 16,700. This value is common for dehydrogenation 
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mechanisms of widespread occurrence and is probably indicative of 
iron catalysis. The value of /x =11,500 is indicative of the catalytic 
action of OH" in respiration. The value /x = 16,140 is associated with the 
oxidation of Fe" and may be compared, first, with that of respiration in 
sea-urchin eggs for which iron is catalyst, and, second, with that for some 
simple reactions in which Fe is known to serve as catalyst. This value 
of the critical thermal increment is not found for oxidative reactions in 



Fig. 103. — Critical thermal increment for the reduction of methylene blue by bacteria, succinic acid — > 
methylene blue^fumaric acid + leucomethylene blue. Above 50° C. destructive effects of temperature 
become evident. (After Crozier.) 

which Fe is not involved as a catalyst. The fundamental importance of 
iron as a catalyst is indicated by this relation. 

IV. Light Production 

In some oxidation processes the energy liberated may appear as 
light, that is, as a much shorter wave-length than heat. This phenomenon 
of light emission on oxidation is shown by a number of easily oxidizable 
substances and is known as phosphorescence or bioluminescence. Biolumi- 
nescence may be produced by a substance luciferin on oxidation by an 
oxidizing enzyme luciferase. The phosphorescent substance, such as 
luciferin, is produced in the organism and may be oxidized with light 
emission after death of the organism. No heat is produced in the oxidation 
of luciferin by luciferase. 

A number of bacteria and fungi show the phenomenon of phosphores- 
cence. Certain , wood-rotting fungi are the best known examples, since 
they may be observed commonly to produce ^‘foxfire ” in rotting stumps. 
Certain species of AgaricuSy Polyporus, and Auricularia most commonly 




MATERIAL AND ENERGY RELATIONS 


331 


produce phosphorescence. Among bacteria which emit light are certain 
genera found commonly on putref3dng meats, especially on fish. Light 
emission by these forms is dependent upon abundant oxygen supply. 


V. Respiratory Intensity 

Respiration proceeds during light exposure of green plant parts,’ but 
the evolution of CO2 may be stopped by its use in photosynthesis. Res- 
piration during the day amounts to only a small fraction of the energy 
stored in photos3mthesis at the same time, yet the respiration during in- 
solation may proceed at a more rapid rate than in darkness, firstly be- 
cause the oxygen supply is greater, and secondly because there is ioniza- 
tion of the atmosphere in sunlight exposure and this increases the rate. 

The respiratory rate depends upon the stage of development and the 
amount of living substance in the tissue. In rapidly growing organs like 
root and stem tips and in buds, the respiratory rate is scarcely less than 
in animals. The amount of CO2 given off per unit time and per unit 
weight of hving substance gives a measure of the respiratory intensity. 
In plants much of the weight is due to cellulose of the wall, which is 
physiologically inert, so no accurate comparison can be made except on 
the basis of the amount of protoplasmic materials. Cork and dead wood 
do not respire, and in old cells there is proportionally much less Hving 
protoplasm than in embryonic cells. 

The following table gives the respiratory intensity of some types of 
plant tissues compared on the basis of i gm. dry weight of each tissue. 
The respiratory rate for bacteria and fungi in general is greater than for 
higher plants (Table 28). 


Table 28 


Respiratory 



Temp. 

intensity in 



46 hrs. 

Leaf buds of S\ringa vulgaris 

15“ C. 

3S c. c. COj 

Leaf buds of Rites nigrum 

15" c. 

48 c. C. CO:t 

Germinating seeds of S inapis nigra 

16^ c 

5S c. c. COi 

Germinating seeds of Lactiica saliva 

16° C. 

82 . 5 c. c. CO2 

Germinating seeds of Pa paver somniferiini , . . . 

16° c. 

122 .0 C. C. CO2 

A zotohaeter chrodcoccu m 


709.5 C C. CO2 

Aspergillus niger, 2 day culture on quinic acid 


1874.0 C. C. CO2 

Aspergillus niger, 3 day culture on quinic acid 


6S2 .0 c. c. COi> 

Aspergillus niger, 4 day culture on quinic acid 


276. 1 c. c. CO2 


The effect of age of the tissue can be seen from comparison of the 
rates for 2, 3, and 4 day cultures of Aspergillus, The rate decreases rap- 
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idly after the second day in the culture. This organism grows and respires 
very rapidly. Probably the decrease in respiratory rate with age of the 
culture is due to staling products which tend to inhibit it. Also, the com- 
parison of respiratory intensity on the basis of total dry weight is not 
accurate on account of the greater percentage of inactive constituents in 
older mycelium. 

Resting seeds and dormant buds show a comparatively low rate of 
respiration. Germinating seeds and sprouting buds show a rise of respira- 
tory intensity almost exactly paralleling the curve for the grand period 
of growth. In root tips and stem tips the respiratory rate is also a function 
of the curve for the grand period of growth. There is a rapid rise to a 
maximum, followed by a gradual decrease in rate. The areas most rapidly 
growing in stem and root show the highest respiratory intensity. They 
show also the highest activity of oxidase, catalase, and peroxidase. The 
energy expended by roots in pushing into the soil and for growth comes 
from the energy liberated in respiration. 

Embryonic tissues respire more rapidly than surrounding tissues of 
the endosperm. Young tissues in general show a rapid respiratory rate. 
Stamens and anthers of opening flowers respire rapidly. 

VI. Changes in Respiratory Intensity Due to Stimuli 

The respiratory intensity can be greatly modified by various stimuli. 
Physical stimuli which produce growth or increase protoplasmic activity 
cause increases in respiratory rate. Chemical stimuli may greatly increase 
the respiratory rate. The exposure of green bananas to one part of ethyl- 
ene in one thousand parts of air causes a great increase in respiratory 
rate. Other anesthetics, such as ether and chloroform, increase the respir- 
atory rate, a phenomenon probably associated with the use of anesthetics 
to break the rest period. 

The effect of the anesthetics on the protoplasm may be to increase 
the permeability, either increasing the supply of oxygen or permitting 
the mixing of certain enzymes and their substrates, thus increasing the 
respiratory materials. 

A number of substances which are toxic at higher concentrations 
stimulate respiration at relatively low concentrations, a few parts per 
billion of solution. Perhaps this is an explanation of the oligodynamic 
effect of such substances as copper, arsenic, zinc, etc. At high concentra- 
tions such toxic agents immediately depress the respiratory rate. The 
production of CO2 in respiration may be entirely suspended by the in- 
fluence of HCN without the subsequent death of the tissues. Possibly 
cyanogenetic glucosides may have a function in controlling the respiratory 
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rate. The cyanides may stop respiration by paralyzing the catalytic 
action of iron compounds. 

The respiratory rate is increased by an increase in alkalinity. Ex- 
posure to ammonia fumes increases the respiratory rate, and if the con- 
centration is low may cause growth responses. Slight freezing of tissues 
stimulates respiration. Wounding, as in cutting tubers of potato, evokes 
an increased protoplasmic activity and attendant rise in respiratory rate. 

A high respiratory rate is maintained by tissues containing a high 
concentration of respiratory pigments. Plant parts which show quantities 
of anthocyanin pigments usually have a higher respiratory rate than 
parts lacking these pigments. The anthocyanins may function as respira- 
tory pigments. Also, areas showing large quantities of anthocyanins are 
frequently higher in direct reducing substances than adjacent areas 
which lack anthocyanins. 

VII. Irreversibility of the Respiratory Process 

In general, the only available external source of radiant energy to be 
stored in plants is light, for a greater frequency of vibration than that 
of heat is required n reactions involving large energy transfers. When 
we have the introduction of light energy, we are concerned with photo- 
synthesis alone, for there is fairly good evidence that this is the only 
process by which energy from physical sources may be stored as chemical 
energy by plants. At the range of temperatures found in plants, heat 
catalyzes the synthetic reactions by increasing the molecular instability 
or reactivity without heat energy being stored in the process as chemical 
energy. The quanta of energy stored in the s}Tithesis must come from 
other sources. There is no reversal of the respiratory process at more 
advanced intermediate stages. All of the intermediate compounds which 
are produced with great liberation of energy must be fully oxidized to 
CO2 before resynthesis to hexoses by the absorption of light energy in 
photosynthesis can occur. Organic acids, such as citric, malic, or oxalic 
acids, produced by the partial oxidation of hexoses, are not again reduced 
to hexoses, but they must undergo complete oxidation to CO2 before 
resynthesis to hexoses by photosynthesis can occur. In photosynthesis 
only carbon in the fully oxidized condition can be used. 

There may be resynthesis of hexoses or other slightly more reduced 
organic compounds from more highly oxidized substances such as lactic 
aqjd. Such resyntheses involve mainly polymerization of carbon chains 
and atomic rearrangements which require but very little energy change. 
For such small energy changes possibly heat energy may be used in the 
reaction, for with the decrease in the energy required to reverse the re- 
action the wave-iength of the energy which may be used is brought into 
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the lower frequency of vibrations. In muscular activity there is such a 
reversal of the reaction. One-half of the glucose molecule is completely 



oxidized; the other half forms the lactic acid 
of muscle. This lactic acid is again resynthe- 
sized into glucose, but it is not possible to 
say that heat energy alone is used even in 
this case. The energy for resynthesis may be 
chemical energy. 

VIII. Methods of Measuring the 
Respiratory Rate 

It is convenient to use the same sample 
of tissue in studying changes of respiratory 
rate coincident with modification of the en- 
vironment. It is desirable to be able to ob- 
tain continuous readings of the rate of CO2 
production and at short intervals. The CO2 
produced can be absorbed from a closed sys- 
tem containing the plant material by alkali 
and weighed directly or titrated if the CO2 
output is large. For small amounts of CO2 
the error due to CO2 absorption from the at- 
mosphere is not negligible. In such cases it 
is convenient to use conductivity methods, 
determining the CO2 produced by changes 
in the conductivity of Ba(OH)2 solutions 
in an absorption cell (Phg. 104). 

The gas enters by the long tube at 
the right, rises through the spiral in inter- 
rupted bubbles mixed with the Ba(OH)2 so- 
lution, and passes out the center tube, 
which is provided with a Inilb to break up the 
films. The absolving solution is thoroughly 
mixed and continually circulated through the 
spiral. The funnel side-tube is useful for 
filling the apparatus. Connections to the 


Fig. 104. — Conductivity cell for elcctrodes are made thiough glass tubesat the 


respiration studies. See text for de- 
scription. 


sides. The cell is made of pyrex glass and 
the change of the capacity factor is found to 


be negligible since each electrode is protected from the deposition of 
BaCOs on it by a projecting glass collar. The electrode vessel is filled 
v/ith a known volume of Ba(OH)2 solution (100 c. c.) so that the level 
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stands below the top of the spiral when the cell is in operation. The 
concentration of the Ba(OH)2 solution naay be •varied within the limits 
of the capacity of the electrodes. Usually n/20 to n/200 Ba(OH)2 is used. 
The cell is arranged for immersion in a water thermostat. 

IX. The Source of Oxygen for Respiration 

The source of oxygen for plant respiration may be a great variety of 
compounds containing oxygen, but with regard to quantity, the oxygen 
of the air is most used. This is equivalent to the statement that plant 
respiration is mainly aerobic, and that is probably for the reason that, 
most plants live under aerobic conditions. However, stages in the respira- 
tion of higher plants even under aerobic conditions may be considered 
as anaerobic or intramolecular respiration because the oxidation of one 
atom of carbon may be affected by oxygen derived from adjacent atoms 
in the same molecule or from other molecules. The source of oxygen for 
many bacteria and fungi which live in places where oxygen penetration 
is slow is from combined oxygen, either the oxygen of nitrates, sulphates, 
water, or other oxidized inorganic substances, or from the oxygen con- 
tained in organic substances. Such organisms are either facultative or 
obligate anaerobes. In the use of oxygen from such sources it must be 
possible to derive more energy by the oxidation of the oxygen acceptor 
than is concerned in the reduction of the oxj^gen donator. Othen\ise 
energy must be added from some external source to make the reaction 
proceed. 

Where the energy liberated by oxidation of the oxygen acceptor is 
greater than that required for the reduction of the oxygen donator, even 
if intermediate stages to the contrary are interposed, the reaction will 
proceed and the energy required for the activities of the plant may be 
gained in this manner. 

There is no mechanism in plants whereby molecular oxygen can be 
evolved except in the photosynthetic reactions. Only when oxygen is 
taken on by a nascent highly reduced part of some molecule which is 
undergoing decomposition, or when it is taken on by another oxygen 
acceptor with a higher reduction potential than exists in the substrate 
concerned, is oxygen removed from the organic compounds of the plant. 
All processes in the cell other than photosynthesis tend to liberate energy, 
and if one atom is reduced, another must be oxidized, with equal or a 
greater liberation of energy than was required for the reduction. The 
highly reactive, nascent fragments of hexoses and other organic sub- 
stances in cells, probably due to their unsaturated valences, may com- 
bine with oxygen to produce a more fully reduced condition than that 
of the original substrate, but this action is always accompanied b}^ an 
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attendant equal or greater oxidation of the other fragment or molecule 
to liberate the energy. Alcohols may be produced from the corresponding 
aldehydes if there is simultaneously an oxidation of another molecule of 
aldehyde to the corresponding acid to supply the energy. This is a simul- 
taneous oxidation and reduction first demonstrated by Cannizzaro (Fig. 

105), and known as the Can- 
nizzaro reaction. This reaction 
may be catalyzed by the Schar- 
dinger enzyme, an oxydoreduc- 
tase. There is a question if such 
energy exchange ever involves 
heat production or absorption. 
It seems more reasonable to 
consider that chemical energy 
only is involved in the exchange 
of electrons. In all reactions of 
the Cannizzaro reaction type 
an oxygen acceptor is required, 
that is, the oxygen is combined 
into another molecule having 
less energy content than the 
original compound, or there may 
be a hydrogen donator which 
gives up hydrogen which can 
combine with the oxygen of the oxidized organic substance, reducing 
it and combining with the oxygen to form water. The oxidation 
of hydrogen by oxygen liberates a great amount of energy which may 
then be consumed partly in the reduction. In the reduction of nitrates 
or sulphates the oxygen goes to form more stable compounds, more stable 
because they contain less energy. Nitrates may be used more easily 
than sulphates because less energy is required to reduce them to nitrites 
or to ammonia than is required for the reduction of H2SO4 to H2S. Con- 
sequently, the efficiency of oxidations using the oxygen of nitrates is rela- 
tively high. For the oxidation of tartaric acid with the complete reduction 
of nitrate to atmospheric nitrogen, the energy loss is about 90% of the 
energy liberated from the oxidation of tartaric acid by free oxygen. 

2C4H6O6 +502“^8C02 +6H2O -I-564 cal. 



2C4H6O6+4HNO3- 

506.8 

564 


-^8C02 H-8H20 -I-2N2 “i“5o6.8 cal. 
-89.8% 
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For the oxidation of glucose with the oxygen of sulphates, the energy lib- 
eration is only about io% of that liberated in complete oxidation of 
glucose with atmospheric oxygen. 

3H2SO4 +610 L.C.— - 1-602 

C6H12O6 +6O2— >6C02 +6H2O “{-674 L.C. 674—610=64 L.C. liberated 

In the formation of butyric acid in the anaerobic oxidations of some 
putrefactive bacteria, hydrogen is evolved. The butyric acid molecule 
is a highly reduced- substance. The substances formed in the reaction 
under highly reducing conditions evidently liberate but little ena-gy, 
for nearly all of the energy liberated in the formation of CO2 must be 
consumed in producing the accompanying highly reduced products. 
C6 Hi206“->2C02 +2H2-I-C3H7COOH 4-15.6 cal. The efi&ciency of the re- 
actions represents only about 2% of the total energy liberated by glu- 
cose on complete oxidation. 

X. Oxygen Supply to the Tissues 

When the stomata are open there is free passage for oxygen by diffu- 
sion through them. When the stomata are closed the oxygen supply is 
decreased, but not to so great a degree as the transpiration is decreased, 
because oxygen can pass through the cutinized epidermal ceils more 
easily than water can. 

Oxygen of the air enters the cell in solution in the water which imbibes 
the wall. In plants which are submerged in water, the oxygen supply is 
dependent upon the solubility of oxygen in the water and the transfer 
of this downward through mixing currents. Probably the rate of oxygen 
supply to such plants may be somewhat deficient during the night. 
Many water plants are provided with air chambers within hollow stems 
which facilitate the diffusion of the oxygen produced in photosynthesis 
and which also act as oxygen reservoirs for the respiration of the stem 
tissues at night. That oxygen evolved from the leaves is conducted regu- 
larly into these channels can be demonstrated by pinching off a sprig of 
Elodea and inverting it in a vessel of rain-water in the sunlight. Bubbles 
quickly begin to come off in a stream from the end where the stem was 
pinched off. The quantities of oxygen produced in photosynthesis en- 
sure an abundant oxygen supply for leaves, and by diffusion from them 
for adjacent stem tissues. Many stems have layers of photos}’Tithesizing 
cells in the young bark. These cells by photosynthesis increase the oxygen 
supply of the stem. Stems are provided with stomata in very young 
epidermis or with lenticels in the young bark which serve to facilitate 
the diffusion of oxygen into the stem tissues. The trachece of large trunks 
of trees supply passages for gas diffusion, but there is evidence that the 
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oxygen supply into the interior of large stems is somewhat deficient. 
Frequently there are deposits of oxalates produced by incomplete oxida- 
tion of carbohydrates in stems. The oxygen supply from the soil to roots 
in many habitats may be deficient. In bogs the high concentration of 
organic matter undergoing oxidation decreases the oxygen available to 
plant roots. When the soil contains a high percentage of clay which may 
pack or bake into impermeable layers, there are shown evidences of oxy- 
gen starvation by the roots. Where tree roots are covered over with 
concrete sidewalks, the tree may be killed by oxygen starvation of the 
roots. Some trees are much more sensitive in this regard than others. 
Probably this is related to the ease with which oxygen may be conducted 
from the parts above ground. Many trees die when the roots are buried 
too deeply in the soil by natural or artificial means. Some have the 
ability to throw out new roots from the stem in time to support the 
growth of the top. 

Soil which has a fairly high content of organic matter may be so low 
in oxygen content as to prevent the germination of some seeds when 
they lie at a depth greater than about eight inches. The oxygen-supplying 
power of soils varies greatly with soil texture and composition. Sandy 
soils or soils which are made loose by tillage afford better oxygen penetra- 
tion than packed clay soils. Soils rich in organic matter, especially when 
green manure is plowed under, are liable to show oxygen deficiency. 

Fruits sometimes have stomata or lenlicels in the epidermis which 
facilitate oxygen movement into the deeper layers of tissue. But the 
oxygen supply to thick layers of tissue is insufficient. Organic acids are 
frequently produced in fruits from incomplete oxidation of carbohydrates. 
Fruits which possess green pigments in their surface layers may obtain 
considerable quantities of oxygen by the photosynthesis going on in 
these layers in daylight. In ripening fruits there is frequently a breaking 
apart of the cells which makes the intercellular spaces larger and facilitates 
oxygen diffusion. The stem scars in tomatoes and other fruits allow 
ready diffusion of gases. 

When the supply of oxygen is limited, the conditions within the tissue 
become more highly reducing. There are left in the protoplasm organic 
acids and other substances which are not so easily oxidizable as the orig- 
inal substrate, the hexoses. The limited oxygen supply is consumed by 
union with the more highly reducing substances of the cell. The accumu- 
lated products of incomplete respiration may be further oxidized when 
the reduction potential is decreased by the introduction of oxygen. Thus 
in cacti and other succulent tissues which have a thick impermeable 
cuticle, the oxygen supply at night is insufficient and organic acids are 
formed from carbohydrates. These increase during the night in Opuntia, 
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so that by early morning the juice has a distinctly sour taste. When the 
plants are exposed to sunlight in the morning, photos3mthesis begins, 
and this so increases the oxygen supply and the oxidation potential that 
the organic acids may be completely oxidized to CO2 and H2O. 


XI. Respiratory Ratio 

When the substrate undergoing oxidation by oxygen of the air has 
the empirical formula (CH20)n, that is, when the hydrogen and oxygen 
in the compound are in the proportions to form water, the volume of the 
oxygen required will be equal to the volume of CO2 produced in respira- 
tion, because equal numbers of gram-molecular weights of the reactants 
correspond to equal multiples of the gram-molecular volume: 22.4 liters. 

(CH20)n H"n02 — >nC02 +rLH20 
n X22.4 L.— X22.4 L. 


The ratio of the volume of CO2 produced to the volume of O2 con- 
sumed is known as the respiratory ratio. In the above equation for the 
oxidation of a substance of the empirical formula (CH20)n, the ratio is 


1 . CO2 , / 

equal to unity =n/n =1/1. 
U2 


With atmospheric oxygen, the respiratory ratio will not be changed 
from this value as long as the substrate and the oxidation products are 
the same, although many intermediate products may be formed and pro- 
vided the concentration of any intermediate substances does not change. 
For example, let us suppose that starch is the substrate undergoing com- 
plete oxidation. Although the starch must be split to glucose and then 
carried through a series of intermediate compounds, the respiratory ratio 
will still be unity. If a fat, triolein, is undergoing complete oxidation, it 
may undergo hydrolysis, the glycerin may be oxidized in one series of 
changes and the fatty acid cleaved and transformed into glucose and 
then oxidized in another series of changes; but the respiratory ratio will 
not change as long as the concentrations of the intermediate compounds 
do not increase or decrease. But if for any reason there is an accumulation 
of any intermediate, the ratio will change from its value for the complete 
oxidation of triolein. Thus in the transformation of fat into carbohydrate, 
oxygen is consumed but no CO2 may be evolved. 

For the purpose of finding the respiratory ratio, we need not be con- 
cerned with the intermediate compounds or the probable course of the 
W'hole series of reactions; but we may write equations and use the quan- 
tities of materials involved as they would be required in complete com- 
bustion at high temperature. The respiratory ratio is then a valuable 
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physiological tool for indicating the nature of the substance being oxi- 
dized. It is especially useful in case one substance principally is under- 
going oxidation. Thus in a medium containing cellulose and oxalic acid, 
the respiratory ratio would give an indication of which substance was 
being respired by a fungus growing in the medium. 

The respiratory ratio for the complete oxidation of all carbohydrates 
and all substances of the same empirical formula (CH20)ni as carbohy- 
drates is unity. 


C6Hi 206+602~^6C02 +6H2O 
6 molecular __ 6 molecular 
volumes volumes 
CH3COOH -|- 202 -> 2 C 02 + 2H2O 


The respiratory ratio for the complete oxidation of fats is generally 
less than unity. More oxygen must be absorbed than carbon dioxide is 
evolved, because part of the oxygen is used for the oxidation of hydrogen 
which is in excess of the quantity required to form water. The respiratory 
ratio for the complete oxidation of tristearin may be found as follows: 


C57H iioOe + 1 63O2— >5 7 CO2 + S SH2O 


CO2 

O2 


163 


= 0-35 


The respiratory ratio is generally less than unity for the complete 
oxidation of substances containing hydrogen in excess of twice the num- 
ber of oxygens present, and it will deviate from unity in proportion to 
the excess of hydrogen. This is true also for substances which contain 
other atoms than carbon or hydrogen, which may combine with oxygen 


to reduce the proportion of 


CO2 

O2 


The complete oxidation of the organic acids having the hydrogen 
present in less proportion than that required to form water produces 
volumes of CO2 greater than the volumes of oxygen required. The respir- 
atory ratio for such acids is greater than unity. 


2HCOOH +O2— ^2C02 +2H2O 

ratio —r- =2/1 =2.0 
L>2 

2(00011)2 -f-02— >4002 +2H2O 

CO2 . 

=4/1 =4-0 
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In cases of the oxidation of one molecule or part of a molecule by 
oxygen already present in the compounds of the plant, there may be no 
oxygen absorption, and the denominator of the fraction expressing the 
respiratory ratio falls to zero. Thus for the fermentation of glucose by 
zymase action, the reaction may be represented as follows: 

C6Hi206-^2C02 +2CH3CH2OH 

2/0 = 00 

In the case of the oxidation of hexose to oxalic acid or other organic 
acids, the respiratory ratio may be very low. There may be a consider- 
able absorption of oxygen, but the oxidation does not proceed as far as 
to gaseous CO2. When the highly oxidized product is completely oxi- 
dized, a little oxygen absorption will produce large amounts of carbon 
dioxide. 


XII. Conditions Affecting the Nature of the Oxidation 


The nature of the substance undergoing oxidation in the plant is 
determined by the temperature, by the oxygen supply, and by the internal 
conditions of the plant. 

In general, temperatures from 15° C. to 40° C. favor complete oxida- 
tions where the oxygen supply is sufficient. Organic acids and other prod- 
ucts of incomplete oxidation may be fully oxidized by elevating the tem- 
perature. But even if the oxygen supply is in excess of the demands, at low 
temperatures (-5° C. to 15° C.) there may be an accumulation of in- 
complete oxidation products in the case of some tropical and sub- 
tropical plants such as bananas. If the fruits are held at too low 
temperature in storage, they are injured more than at intermediate 
temperatures. Evidently the products of respiration at low tempera- 
tures are toxic. 

In the respiration of the grape during ripening, two principal classes 
of substances are the substrates, hexoses and organic acids, chiefly tar- 
taric acid. At temperatures below about 15° C. there is no oxidation of 
tartaric acid. The respiratory ratio is then about equal to unity because 
sugars are undergoing oxidation. When the temperature is raised above 
15° C., there is a change in the respiratory ratio to a value markedly 


. CO2 

above unity --^>1. 


This is for the reason that the tartaric acid, rich 


in oxygen, is being oxidized. 

In green apples, owing to the influx of substances from the tree, the 
concentration of starch, sucrose, and reducing sugars continually in- 
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Fig. io6 . — Mulic acid content of Ben Davis apple at 
various stages of growth. (After Kidd and West.) 


creases. Fig. io6 shows the 
concentration of malic acid 
in an apple at different 
stages of growth. The acid- 
ity decreases with age. Fig. 
107 shows the respiratory 
rate of an apple at different 
stages in its growth. The 
respiratory rate of young 
fruits is very high, with a 
rapid decrease in rate as 
the apple grows. There is 
a close parallel between the 
rapidly falling respiratory 
rate and the rate of de- 
crease of malic acid. The 
respiratory rate in the- 
growth phase of apples 
seems to be controlled by 


the concentration of 
malic acid. Near the time 
of maturity the respir- 
atory rate falls to a prac- 
tically constant level, and 
the malic acid concentra- 
tion remains about con- 
stant. The falling off of 
the respiratory rate is 
largely due to the exhaus- 
tion of the malic acid in 
respiration. The respira- 
tory ratio changes from 
1.2 to 0.86, giving clear 
evidence of the change in 
the nature of the materials 
undergoing combustion. 
The rate of loss of malic 
acid in apples stored at 
1° C. increases with the 
time of storage, while the 
rate of loss of sugar de- 
creases (Fig. 108). 



Fig. 107. — The rate of growth and the respiration 
rate of an apple. 
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In the green Japanese persimmon there are large quantities of tannins 
as well as carbohydrates, but little organic acids. Raising the temperature 
does not appreciably change the respiratory ratio of green persimmons. 
In later stages there is an increase in the respiratory ratio. This is caused 
by the production of mucilages in the ripening fruits, which block the 
intercellular spaces and inhibit oxygen diffusion. Owing to the oxygen 
deficit, intramolecular respiration increases the respiratory ratio to a 

value greater than unity. 
The high ratio here is due 
to lack of suffiftent 
oxygen. Under these condi- 
tions the sugars may be ox- 
idized to produce ethyl alco- 
hol and higher alcohols, or- 
ganic acids and esters which 
produce the aroma of the 
ripe fruits. The flavor of 
some persimmons is im- 
proved by the restricted 
oxygen supply when the 
fruits are ripened in closed 
vessels, owing to the pro- 
duction of organic acids 
which relieve the “fiat” 
taste of fruits having little 
acidity. Similar conditions 
0 50 100 150 200 250 are found in the ripening of 



Days in storage at TC. (34^^.) bananas, melons, and other 

Fig. ioS.— C urves indicating the rate of loss of sugar and rate fruitS. If the OXygCIl SUp- 
of loss of acid in storage at i° C. (.^4° F t samples of apples j j-jp^^ino’ banauaS is 

showing that the rate of sugar consumption decreases, wnile r ^ ^ i ^ ■ 

that of acid consumption increases during the development of deficient, thcrC IS a prO- 
internai breakdown. duction of a slight acidity 


and more aromatic substances are produced in the fruits. In some 
varieties of bananas the production of slight acidity may improve the 


flavor. 

In the respiration of succulents at night there is a restricted oxygen 
supply on account of the thick impermeable cuticle. This leads to in- 
complete oxidations at night. In the Cactaceje malic is the principal 
acid produced. In the Crassulace.^: isomalic acid is formed. In the 
Mesembryantheme.5: oxalic acid is produced. This txpe of oxidation 
leads to a liberation of a considerable portion of the energy of the carbo- 
hydrates without the production of CO 2 which might be lost at night 
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by diffusion. In this manner there is conservation of carbon which, 
like the oxygen of the air, is not easily diffusible into the tissues. 
The plant acts as a carbon trap, conserving practically all of the car- 
bon dioxide which it is able to absorb and not giving it up again to 
the atmosphere at night. It is enabled to do this by the production 
of non-volatile organic acids from the greater part of the hexose mole- 
cule. 

The acidity of Opuntia at 4:15 p.m. represented 20.3 c. c. of o.i N 
KOH per 100 grams of tissue. At 8:15 the next morning the acidity rep- 
resented 37.65 c. c. 


In darkness the respiratory ratio 


CO2 . r ti 

•“7^ IS as follows 
O2 


Opuntia 0.03 Crassula arbor escens 0.24 

Phyllocactus 0.33 Sedum 0.84 


The ratio for Opuntia especially shows the complete conservation of 
carbon dioxide. 

If the temperature is high, the oxidation may go further than to 
organic acids. In such succulents evidently there is some addition of 
oxygen, and we have to deal with a restricted oxygen supply rather than 
with absolutely anaerobic conditions. At 21° C. the production of CO2 
by Optunia in the presence of atmospheric oxygen was twice the pro- 
duction when the atmosphere contained no oxygen. At 30° C. the pro- 
duction of CO2 was the same in the presence and in the absence of oxygen 
in the atmosphere. Even in darkness the organic acids can be oxidized 
if the temperature is high enough. When the cactus tissue is put into a 
higher temperature, the respiratory ratio is increased until the organic 
acid has been exhausted. At the lower temperature further oxidation of 
the organic acids is aided by free oxygen, but at the higher temperature 
the CO2 production is not increased by the presence of free oxygen in the 
air because the nature of the respiratory process is changed. The CO2 
produced in an atmosphere of nitrogen does not arise from the breaking 
down of organic acids to as great extent as it does in an atmosphere con- 
taining oxygen. More alcohol is produced under the anaerobic condition. 
There is not as great economy of carbohydrate under the anaerobic con- 
ditions as there is under aerobic conditions. The aerobic oxidation to 
organic acid under restricted oxygen supply is more efficient in energy 
liberation than the intramolecular respiration of hexoses to alcohol and 
CO2 under the anaerobic condition. The alcohol produced in anaerobic 
respiration has a high energy content. 

The malic acid which has accumulated in Opuntia during the night 
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may be further oxidized during sunlight exposure by the following re- 
action: 

COOH CH2CHOH COOH^aCOad-CHsCHaOH 

malic acid ethyl alcohol 

This photolytic disintegration of the malic acid produces carbon dioxide 
which may be assimilated in photosynthesis. The alcohol content be- 
comes higher after light exposure. At 8:15 a.m. the alcohol content per 
100 grams of Opimtia was .0032 gram while at 4:30 p.m. it had risen to 
.0066 gram. This increase in alcohol content during the day is not due 
to anaerobic respiration, but due to the decomposition of malic acid. 

XIII. Anaerobic Phase of Respiration 

Probably all plant respiration has as a beginning a zymase fermenta- 
tion of hexoses. Subsequently under aerobic conditions the products of 
this action may be 800 

further oxidized to — « 700 

COaandHaO. Al- |l 600 

cohol can be dem- 500 

onstrated in leaves g |.400 

and also in fruits. ^2 300 

In potatoes and ^ 200 

apples the alcohol 100 

content is usually values 

small. Under ab- 
normal physiologi- fig. 

cal conditions in 
atmospheres deficient in oxygen there may be a considerable accumula- 
tion of alcohol and acetaldehyde (Fig. 109). This is notably the case in 
the physiological disturbance of Newton pippin apples, known as “ brown 
core.” The accumulation of acetaldehyde is a cause of storage scald of 
apples (Fig. no). 

Palladia concluded that in various leaves about one-half of the CO2 
produced was the result of zymase action. It seems probable that higher 
plants can oxidize alcohol. Hexose disintegration may follow several 
lines at the same time, the main course of the reactions being determined 
by the conditions of temperature, oxygen supply, and also the internal 
conditions, such as the acidity. 

The oxygen supply is a factor of major importance in determining 
not only the respiratory intensity (Fig. in) but also the nature of the 
oxidation processes. When apple fruits are stored in a confined space, they 
will consume the oxygen of the air and will produce carbon dioxide. 



Days of anaerobiosis 

109. — Alcohol and acetaldehyde production in apples. 
(After Kidd and West.) 
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When the oxygen concentration has fallen to below io% (probably at 
about 8% for most tissues at 46.5° F.), the nature of the respiratory proc- 
ess changes. The oxygen supply is insufficient to support aerobic respira- 

Apples stored in mixtures of Apples stored in pure carbon 
carbon dioxide and oxygen dioxide, or pure nitrogen 



3 4 5 C 7 8 
Days in store 


10 20 
Days in store 


Fig. 110. — Production of acetaldehyde in apples when stored in abnormal atmospheres. 
(After Kidd and West.) 


tion within the fruits. The temperature at which the storage room is held 
must be taken into account, for this changes the nature of the respiratory 
process, the composition of the gas in the intercellular spaces of the fruit, 



Fig. III. — Diagram illustrating the influence of oxygen, and carbon dio.vide concentrations 
in the atmosphere upon respiration. (After Kidd and West.) 


and also the solubility of CO2, O2, and other gases in the aqueous phases 
of the cells. Fig. 112 shows the relation of the temperature to the com- 
position of the internal atmosphere of the same variety of apples (Bram- 
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ley’s seedling) grown in different t3^es of soils. To maintain fruits in 
storage as- long as possible, the consumption of stored carbohydrate by 
respiration must be kept as low as practicable. But neither the tempera- 



Temperatures {ckgrees E) 


Fig. 112. — Percentages of carbon dioxide and oxygen found in the internal atmosphere of Bramley’s 
seedling apples at different temperatures (after Ekambaram). In this figure the temperatures are the tem- 
peratures of the apple, and the gas concentrations are those present in the intercellular spaces which con- 
tain the internal atmosphere of the apple. (After Kidd and West.) 

ture nor the oxygen concentration can be lowered so far as to cause the 
production of toxic substances. The optimum condition for the storage 
of apples was found by West and Kidd to be at about 46.5° F., with a 


to 



Decjrees F 

Fig. 1 13. — Showing the type of relationship to be expected between the temperature of stor-age and 
(i) the effective oxygen concentration in the tissue tluids, ( ’) the effective carbon dioxide concentration in 
the tissue tluids, when the external storage atmosphere contains lo per cent CO2 and n [>er cent O2 in all 
cases. tAfter Kidd and West.) 

concentration of oxygen of ii% and of CO2 of lo^c .(Fig. 113). The 
CO2 exerts a depressing effect on respiration which is greater than the 
effect of decreased oxygen alone. With this mixture of CO2 and O2 there 
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will be internal breakdown due to physiological disturbances when the 


temperature is much below about 46.5* 



Fig. ii4.--Relation between storage temperature 
and length of storage life. (After Kidd and West.) 


F. and the carbon dioxide in the 
tissue may reach excessive con- 
centrations. If the temperature 
is higher than about 46.5° F., 
there is a change in the nature 
of the respiratory process which 
leads to early exhaustion of the 
fruit. Probably the tissues do not 
obtain sufficient oxygen at higher 
temperatures. This is indicated 
by the rapid falling off of the 
effective O2 in the tissue as the 
temperature increases. If the 
storage temperature is to be 
lowered, the proportion of oxygen 
in the external atmosphere should 
be decreased to prolong the 
storage life of the fruit. If the 
temperature is to be increased, 
the oxygen concentration should 


be increased above this ratio of Fig. 114 shows the relation of the 

U2 

storage life to the temperature. Fig. 115 shows the length of the stor- 
age life at various concentrations of oxygen and CO2. 
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Fig. IIS. — Diagrams showing the influence of oxygen and carlion dioxide concentration in the atmos- 
phere upon the length of storage life of apples at mean temperatures. (After Kidd and West.) 


XIV. Production and Use of Oxalic Acid in Respiration 

In the respiration of higher plants oxalic acid is often an end-product. 
When sugar is only partly oxidized to CO2, and partly to COOH — COOH, 
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the respiratory ratio is less than unity -pr^<l. This reaction may be 

O2 

written as follows; 

C6H12O6+4 x/^ 02~>3(C00H)2+3H20+556 cal. 

The reaction is highly efScient in energy liberation. All evidence indicates 
that the source of the oxalic acid is from the incomplete oxidation of^ 
sugars. We know oxalate to be very common in plants. Calcium oxalate^ 
is highly insoluble. It is precipitated in the cells of leaves and of the wood, 
and in general it persists until the decay of the plant. 

In corn, oxalic acid is formed when nitrates, such as KNO3, are used 
as the source of nitrogen. The consumption of the nitrogen in protein 
s3mthesis leaves a base, such as potassium from KNO3. It has been sug- 
gested that the formation of oxalic acid in this case is to regulate the 
oxidation. The oxalic acid serves to neutraliz. the bases liberated in 
metabolism, owing to the removal of the nitrate radical. No oxalic acid 
is produced when an ammonium salt is used as source of nitrogen. When 
the ammonium radical is used in protein synthesis, the anion liberated 
produces an acid reaction in the medium. No doubt, oxalic acid is further 
oxidizable by the plant and Js often thus used. The oxidation of oxalic . 
acid occurs in Mesembryaty^mufn and in fungi sncn as Aspergillus, In 
Mesemhryanthemim, evic^f^litiy, oxalic acid is completely oxidized to CO2 
which then is photosynthf'j^ized. In Aspergillus and in other fungi and 
bacteria oxalic acid oxidation may be the only source of energy. 

Bacillus extorquens^ an organism found in wood and in garden soil, 
uses the difficultly decomposable o.xalates of calcium, barium, and mag- 
nesium- These oxalates furnish the energy necessary for its life processes. 
The metabolic reaction may be written as follows: 


C204H2-h0->2C02d-H20 

The oxidation is accomplished by an enzyme that is similar to zymase. 
This enzyme can be prepared from Bacillus extorquens. 

In the metabolism of Aspergillus and PeniciUium, oxalic acid may 
be formed. When incomplete oxidation is induced by a lack of oxygen, 
or by other conditions, the oxalic acid is produced as an incomplete oxi- 
dation product of sugars. In cultures of Aspergillus, using ammonium 
salts as a nitrogen source ahd sugar as the carbon source, no oxalic acid 1 
is produced. If nitrates are used as the nitrogen source, oxalic acid ap- • 
pears. This is a duplication of the conditions for oxalic acid production 
by maize plants. If the carbon source is from salts of tartaric or malic 
acids, oxalic acid is formed. The base of these acid salts is liberated while 
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the tartrate or malate is used in oxidations. If free tartaric or malic acid 
forms the carbon source, no oxalic acid appears. Evidently oxalic acid 
formation is dependent upon the liberation of bases which would create 
an alkaline reaction in the culture medium. 

In case there is plenty of base present, such as calcium, the fungus 
will oxidize 67% of the sugar in the medium to oxalic acid. This of course 
gives a very small respiratory ratio, for besides the oxygen which oxi- 
dizes the carbon atoms of sugar completely, much is used to oxidize other 
carbon atoms to oxalic acid which liberates no CO2. In the process then 
much more oxygen is used than the volume of CO2 produced. 



CHAPTER XXVn 


FERMENTATIONS 

Various fungi and bacteria which are facultative or obligate anaerobes 
are adapted to respiration under conditions of poor oxygen supply. The 
products of their respiration are in part highly reduced substances such 
as H2 or butyric acid, or under more strongly oxidizing conditions alco- 
hols or organic acids. There may be the removal of part of the oxygen 
contained in the hexoses or other compounds, to oxidize completely an- 
other carbon atom of the same molecule. Such intramolecular respirations 
are referred to as fermentations, and the living organisms which produce 
them are often called ferments. Particular organisms may be capable of 
producing only one type of fermentation. There is often a sequence of 
oxidations, requiring the action in series of various bacteria or fungi. 
Thus yeast {Saccharomyces sp,) will ferment glucose with the production 
of ethyl alcohol. Nearly all (95%) of the glucose may be so fermented. 
Upon the production of ethyl alcohol another organism may act, pro- 
ducing the acetic fermentation. Mycoderma aceti and a number of other 
organisms can produce this stage of the oxidation. Then the acetic acid 
may be acted upon by fungi {Penicillium) to be completely oxidized to 
CO2 and water. Each step proceeds because energy is liberated in it, and 
such energy is available to the organisms which bring about the reactions. 
The ferment action is evidently highly specific, and probably is so for 
the reason that only certain reactions can be catalyzed by the enz>mes 
contained in the organism which effects the oxidation. 

I. Alcoholic Fermentation 

The partial oxidation of hexoses is produced by Saccharomyces sp. 
and by certain other fungi, evidently because they cannot oxidize part 
of the molecule further than the alcohol stage. The reaction in the fer- 
mentation of glucose may be represented as follows: 

C6Hi206-^2C02+2CH3CH20H-f27 Cal. 

This reaction represents almost the complete hexose metabolism of yeast. 
About 95% of the glucose in the culture medium may be fermented to 
alcohol in accordance with this reaction. About one- twentieth of the 
glucose may not so appear; it is either built into the compounds of the 
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yeast or it undergoes complete oxidation. A relatively large amount of 
glucose is transformed into alcohol to gain energy, since only about 4% 
of the available energy is liberated in the reaction. 

In the fermentation of sucrose the following energy budget approxi- 
mates the actual transformations occurring in fermentation by yeast 
(Table 29). 

Table 29 

Heat of combustion 
in large cal. 

Sucrose 100 gms. in nutrient medium 396.8 

Produced by the fermentation: 

Ethyl alcohol 51 35S.36 

Glycerin 3.4 gnis 14.38 

Succinic acid 0.65 gm i .99 

Other compounds ... 1.3 gms S-iS 

CO2 49.2 gms o 

Heat of combustion of the fermentation, products 379.38 

Heat liberated 4.2% of total or 16.92 

Of the energy contained in the glucose, 90% appears in the alcohol 
produced by the fermentation. 

As transformers of materials these biological agents are as efficient 

P as the methods of synthetic 

^ • organic chemistry. Only 

1^00 minor quantities of other sub- 

Ll stances are formed. 

Alcoholic fermentation of 
30 glucose is produced by cata- 

25 nn^ action. Yeast contains 

an enzyme, zymase, which 

f ! ^ M ability to split glucose 

75 alcohol and CO2. This 

§ III / enzyme can act on glucose in 

i il 7 test-tube after the cells 

5 are killed. Zymase is most ac- 

1 Jff tive at a pH of 4.8 (Fig. 116). 

^ ^ i V 5 7 <y p In the alcoholic fermenta- 

Fig. 116. — Relation of the acidity pH to the activity tion probably all fermentable 

of zymase. hcxoscs follow the Same series 

of reactions. First there is enolization to a common form. They may 
produce then a three carbon sugar, either glyceric aldehyde or methyl 
glyoxal. But since it is not proved that this intermediate step occurs. 
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■we may assume merely that a reactive isomer of the hexoses is formed. 
This common reactive isomer may yield pyru'vic aldehyde according to 
the foUowing reaction: 

CsHiaOr-zHaO^aCHaCO CHO 

pyruvic aldehyde 

The p3rruvic aldehyde, being an aldehyde, can be simultaneously oxidized 
and reduced. One molecule may be oxidized by the Schardinger en25niie 
to pyruvic acid while the other is being reduced to glycerin according to 
the usual mechanism of the Cannizzaro reaction. 

CHs— C— CHO ^CH20H CHOH CH2OH 

+2H2 o:^ 

CH3~-C--CH0 ^CHsCO cooh 

pyruvic acid 

It should be noticed in this series of reactions proposed by Neuberg 
that the two water molecules at first removed from the hexose are again 
added in the simultaneous oxidation and reduction. It would seem just 
as reasonable not to have these definite intermediate compounds formed, 
but to have labile groupings. It is not possible to demonstrate pyruvic 
acid in the reaction, but chemists always seem to prefer the idea of the 
formation of definite intermediate compounds which may be just as 
evanescent as the labile compounds. A very common reaction of such 
ketonic acids as pyruvic acid is to decompose with the production of 
CO2 and an aldehyde having a carbon chain one atom less than the acid. 

CH3CO COOH-^CHaCHO+COg 

pyruv’ic acid acetaldehyde 

The acetaldehyde produced and a molecule of p}Tuvic aldehyde may re- 
act according to the Cannizzaro reaction, introducing the elements of 
water to produce ethyl alcohol and pyruvic acid. 

CH3— CO— CHO O-^CHsCOCOOH 

j_ 

CH3 CHO ' Ha-^CHsCHsOH 

By the introduction of sodium sulphite, Na 2 S 03 , into the culture me- 
dium, the acetaldehyde may be removed as an aldehyde sodium bisulphite 
compound in ester-like linkage. The result is that the hydrogen cannot 
be taken on by the acetaldehyde to form ethyl alcohol, whose formation 
thereby is prevented. The hydrogen then may go to reduce glyceric 
aldehyde to glycerin, which accumulates in abnormal amounts. The 
reaction then proceeds as follows: 

C6Hi 206->CH3CH0 +CO2 H-CsHsOs 
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One molecule of glycerin is produced for each molecule of acetaldehyde 
bound to the sodium bisulphite. Theoretically then, according to this 
reaction, 24% of the hexose can be converted into acetaldehyde and 51% 
into glycerin. In cultures not more than 36% of glycerin is so produced 
however. Neuberg explains this on the basis that even in the presence of 
sulphite part of the acetaldehyde is reduced to alcohol by hydrogen. 

In fermentation at alkaline reactions in the presence of carbonates 
there are produced quantities of acetic acid. This reaction may be repre- 
sented as follows: 

2C6H12O6 +H20->CH3C00H +C2HBOH +2CO2 +2C3H8O3 


All three of these types of fermentation may proceed at the same time. 
The path which will be followed is determined by the conditions under 
which the fermentation proceeds. 

Yeast is not marked either in its aerobic or anaerobic requirements. 
It evidently grows best in decreased oxidizing conditions, but not under 
completely anaerobic conditions. Under highly oxidizing conditions 60% 
of sugar is transformed by yeast into ethyl alcohol. But in practice the 
oxygen supply is decreased, and this allows the alcoholic fermentation 
of 90% of the sugar. Some glycerin and other alcohols are always pro- 
duced. From the fermentation of 100 kilograms of sugar by Saccharo- 
myces ellipsoides at 18-20° C., the following constituents were estimated: 


Glycerin 
Succinic acid 
Acetic acid 
Isobutyl glycol 


2,120 gms. 
452 gms. 
205.3 gms. 
150.0 gms. 


Isobutyl alcohol 
N propyl alcohol 
Amyl alcohol 
Caproic ether 


1.5 gn^s. 

2.0 gms. 
51.0 gms. 
2.0 gms. 


In such fermentations the nature and quantity of the products is 
determined to a great extent by the temperature and oxygen supply. 
When the supply of nutrients for the yeast contains protein substances 
these may be deaminated and transformed into alcohols. A common source 
of amyl alcohol in the fermentation of grains is the leucine and isoleucine 
of the proteins. 



CH CHgCHNHaCOOH+HsO^ 



CH CH2CH2OH+CO2+NH 


3 


CHs 


isoamyl alcohol 
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Increasing the leucine in the nutrient medium increases the amount 
of amyl alcohol produced. The substitution of ammonia as a nitrogen 
source decreases the yield of amyl alcohol but does not entirely prevent 
it, probably for the reason that yeast produces leucine from the ammonia 
and then transforms the leucine into amyl alcohol. 

Nearly all amino acids can be so transformed in fermentations, and 
they are frequently the source of higher alcohols in fermentations. Suc- 
cinic acid may be produced from glutamic acid. 

The production of alcohol by fermentation is shown by a great many 
fungi. The stage to which oxidation proceeds evidently depends upon the 
oxidation potential and upon the organism. Mucor stolonifera carries on 
normal respiration in air, but produces alcoholic fermentation under 
oxygen deficiency. Aspergillus can produce alcoholic fermentation under 
reduced oxygen pressure. Mucor racemosus and Macor javinicus carry on 
alcoholic fermentation under all conditions; even in full aeration 8o% of 
the sugar is transformed into alcohol. 

II. Acetic Fermentation 

The oxidation of alcohol to acetic acid is effected by a number of 
bacteria. The acetic acid bacteria are divided into, (i) haplotrophic 
bacteria, which obtain their energy from the oxidation of alcohol alone, 
and (2) symplotrophic bacteria, which require also organic compounds. 
These organisms require an abundant supply of oxygen for their action. 
The bacteria are very resistant to the action of the acetic acid. Evidently 
the oxidation of alcohol to acetic acid is accomplished by a series of en- 
zymes similar in action to the zymase of yeast. The enzymes can be 
prepared from the organisms and used to produce the oxidation in vitro. 
Their reaction may be represented as follows: 

CH3CH2OH + O2 = CH3COOH +H2O -h 1 1 2 cal 

There may be an intermediate stage in this reaction in which acetaldehyde 
is first formed, which may be introduced into the carbon compounds of 
the organism. Some acetic acid bacteria can use the acetic acid as a 
source of energy, completely oxidizing it to CO2 and H2O. In the complete 
oxidation of alcohol through the acetic acid stage there is liberation o ' 
326 calories per gram-molecule. 

C2H5OH +302“^2C0 +3H2O +326 cal. 

The mixture of bacteria usually present in the mother of vinegar can 
produce both the alcoholic and the acetic fermentations. 

The action of the acetic acid bacteria is not limited to ethyl alcohol 
They also oxidize higher alcohols to the corresponding aldehydes and 
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acids. Propyl alcohol can be oxidized to propionic acid and butyl al- 
cohol to butyric acid. Some of them oxidize mannitol to levulose, sorbitol 
to sorbose, and glucose to gluconic acid. 

III. Butyric and Lactic Fermentations 

Under anaerobic conditions a number of bacteria cause the intramolec- 
ular oxidation of carbohydrate and protein substances with the produc- 
tion of lactic, butyric, and other acids, and, simultaneously with these 
acids, reduced substances such as butyl alcohol, amines, hydrogen sul- 
phide, mercaptans, H2, etc. These organisms are enormously variable 
in their actions and represent a large group of bacteria whose principal 
similarity is their operation at low oxidation potential. They are either 
facultative or obligate anaerobes. 

Of considerable interest on account of its connection with stages of 
aerobic respiration is the lactic fermentation. Bacillus lactis acidi de- 
composes galactose into lactic acid, reducing the alcoholic groups of the 
sugar to form the carboxyl groups. 

C6Hi 206~^2C3H603 +28 Cal. 

There is no addition of oxygen required. The energy liberation in such 
reactions is very little, yet this is the only source of energy for the or- 
ganism. 

Under anaerobic conditions Bacillus coll can decompose glucose with 
the production of lactic and pyruvic acids. The formation of lactic acid 
from one-half of the glucose molecule liberates more energy than is re- 
quired for the production of pyruvic acid by an endothermic reaction 
from the other half of the glucose molecule, with the liberation of hydro- 
gen. 

CeHiaOfi-^CHs CHOH COOH+CH3 CO COOHH-Ha 

In cultures evidently this reaction is not followed, probably due to 
interaction of pyruvic acid with the hydrogen, to produce acetic acid, 
alcohol, and CO2. 

The butyric fermentation of glucose by bacteria of the Bacillus 
amylohackr group occurs only under the absolute absence of free oxygen. 
Free hydrogen and carbon dioxide are produced as gaseous products. 
The reaction may be represented as follows : 

C6Hi206-->C4H802 "["2112 +2CO2 +15 CUl. 

In this fermentation only about 2% of the total energy of the glucose 
is liberated. The butyric fermentation of lactic acid should yield a still 
lower percentage of energy to the organism. 

.2C3H603~^2H2 + 2 CO 2 -j-CJSsOig 
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TRANSFORMATIONS PRECEDING RESPIRATION 

The first step in respiration is a transformation of glucose into a more 
reactive isomeric form. This reactive form may be the intermediate con- 
cerned in the condensation of glucose to glycogen in fungi, and in the 
formation of hexose phosphoric acid. Probably the function of insulin 
in the animal body is to bring about this transformation. It has been 
suggested that the probable change is the conversion of the a- or jS-forms 
of glucose with the butylene oxide or gamma lactone formula into the 
ethylene oxide form or 7-sugar, which can be normally metabolized by 
diabetics. 

From the reactivity of the various ring structures in glucose and re- 
lated compounds, Levene suggests that the most reactive configurations 
of glucose are those with free valences, the most reactive being the one 
represented by Formula I. This may be formed from the ethylene oxide 
ring formula. The structures represented by Formulae II and III show 
a decreasing reactivity as the distance between the unsaturated bonds 
increases. These structures may be formed from the butylene and amy- 
lene oxide ring structures. 
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It has been shown that a-glucosan which contains an ethylene oxide 
ling, ferments at a higher velocity than ordinary glucose, 

357 



35S 


PLANT PHYSIOLOGICAL CHEMISTRY 



a-glucosan may form free valences on both the first and second carbon 
atoms and should be highly reactive. It may condense into polymers by 
opening these linkages. 

The enolized sugar may break into highly reactive three carbon chains, 
which under conditions of poor oxygen supply yield lactic acid. The 
conversion of glucose to lactic acid does occur, and lactic acid may then 
be said to be an intermediate compound in glucose oxidation, but it may 
not be the normal product when abundant oxygen is supplied. The first 
enolization reactions are transformations within the glucose molecule 
and they involve little energy. However, they may be of fundamental 
importance in glucose metabolism. The transformations from glycogen 
or active glucose to lactic acid are probably also easily reversible since 
they involve little energy change. The cleavage of the six carbon chain 
into two three carbon chains does not appear to require much energy. 
The liberation of energy in the transformation from glucose to lactic acid 
is about 190 calories per gram of lactic acid which is about one- twentieth 
of the energy value of an equivalent quantity of glucose. In the third 
group of changes the oxidation of the three carbon chains formed by the 
dissociation of glucose involves the principal energy liberation. This 
involves the oxidation not of the lactic acid, which is produced only under 
anaerobic conditions, but of some precursor of it. These reactions are 
not easily reversible since they involve great energy changes. 

a-d-glucose, with the gamma lactone ring, is the predominating form 
in crystalline glucose. It goes over in aqueous solution into the / 3 -d-glu- 
cose until equilibrium is established between the forms. The rotation at 
first strongly to the right (+110®) gradually falls to an equilibrium of 
forms with a specific rotation of -1-52.5°. The conversion of the a-d-glu- 
cose form into the i 3 -d-glucose form occurs through the intermediate 
stage of aldehyde structure of the Fischer formula, with a breaking of the 
7 lactone ring. The form of glucose represented by the ethylene oxide 
ring structure or formed from it and referred to as 7-glucose is the most 
reactive form in which glucose exists. This form readily undergoes con- 
densation and is easily oxidized. Before the glucose is used probably the 
a- and ^-butylene oxide forms are fifst converted into the 7-glucose with 
the ethylene oxide ring. This transformation seems to be brought about 
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normally by insulin. Glucose and fructose seem both to be converted 
into the same form, 7-glucose. The peculiar tendency of 7-glucose to 
condense probably accounts for the formation of its polymer, glycogen, 
in the fungi. 

In exceedingly low concentrations of alkali the only action is the rapid 
transformation of a- into /3-d-glucose. This is indicated by the quick 
change in optical rotation, with the elimination of a gradual drift of rota- 
tion. In weak alkali six isomers are formed in the d-glucose series includ- 
ing d-glucose, d-mannose, and d-fructose which result from the formation 
of 1-2 and 2-3 d-glucose dienols. The H and OH groups of the second 
and third carbon atoms are rendered mobile by the ionization produced 
by the dilute alkali (n/20 NaOH). No cleavage of the carbon chain occurs 
with dilute alkalies; but with strong alkali, all the rearrangements of the 
first three carbons may be produced, and in addition very extensive dis- 
ruption of the molecule may occur. Cleavage may occur between any 
two carbons of the chain, but the cleavage at the center of the chain 
predominates. The splitting off of a single carbon atom is unusual unless 
oxidation occurs simultaneously. The scissive products of the dienols are 
exceedingly reactive. They undergo internal rearrangements, or they 
may polymerize to resin-like substances in the absence of free oxygen or 
of oxidizing substances. But in the presence of oxygen these products are 
generally oxidized, and no saccharinic acids or resins then are formed. 
The cleavage at the center of the chain with subsequent internal oxida- 
tion and reduction by the Cannizzaro rearrangement catalyzed by 
oxydoreductase produces lactic acid as the principal product of the 
anaerobic catabolism of glucose. This reaction occurs both in cells and 
in vitro. The maximum yield of lactic acid may correspond to slightly 
less than one molecule for each molecule of glucose. The remainder of 
the acids formed are formic acid, carbonic acid, and other acids which 
may be volatile and non-volatile saccharinic acids. This suggests that 
only one-half of the glucosf molecule is transformed into lactic acid by 
alkali. In the muscle, Hill showed that a similar process was followed in 
respiration. However, in the cells of fungi all of the glucose may be con- 
verted into lactic acid. 

In an abundant supply of oxygen the oxidation of glucose usually 
does not yield lactic acid in higher plants. In fact, lactic acid does not 
appear to be an intermediate product in higher plants, but oxidation 
occurs before the lactic acid stage is reached. Under aerobic conditions 
the oxidation of glucose seems to take place before the formation in 
quantity of either lactic acid, methyl glyoxal, or glyceric aldehyde. 

a-d-glucose itself is not directly oxidized, so the reactive form appears 
to be an intermediate product between a-d-glucose and a compound as 
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simple as glyceric aldehyde. The intermediate products here may be 
any of the enols but more probably is 7-glucose. 

A scheme for the transformations in oxidation is given by Shaffer 
as follows: 
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An alkaline reaction favors lactic acid formation while an acid re- 
action seems to hinder or limit it. In the muscle, lactic acid is re-formed 
into glucose. In this case as well as in plants, lactic acid may yield glyceric 
acid, jS-hydroxypyruvic acid, or glyceric aldehyde, the latter condensing 
to a molecule of glucose. Or, acetaldehyde may be formed with subse- 
quent condensation and oxidation to glucose. 

Evidence has accumulated that pyruvic acid and acetaldehyde are 
important intermediate compounds in the oxidation of glucose and in 
the oxidative re-formation of glucose from lactic acid. These compounds 
may serve also as intermediates when glucose passes to fatty acid or to 
aceto-acetic acid or vice versa. 

Yeasts decompose pyruvic acid to acetaldehyde and CO 2 . The re- 
actions may be represented as follows: 
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The repeated condensation of pyruvic acid with loss of CO 2 and re- 
duction may result in straight chain fatty acids with an even number of 
carbons. 

A series of interactions producing different products under different 
conditions may be represented as follows: 
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CHAPTER XXIX 


OXIDATION AND REDUCTION 
I. Oxidation-Reduction Potential 

Respiration is the process of oxidation of elaborated compounds of 
the protoplasm with the releasal of energy. The oxidation may proceed 
in more than a single step, and the products of respiration may be other 
than those produced in complete oxidation. In respiration we are con- 
cerned with all processes which lead to energy releasal. It is not neces- 
sary that there shall be an introduction of oxygen into combination with 
the substances undergoing oxidation. In fact, it would be more clear if 
another word such as electronation could be adopted rather than the 
term oxidation with its suggestion of union with oxygen. In many stages 
of respiration no oxygen is introduced into the system. There may be 
merely a shift of electrons between molecules or between parts of mole- 
cules. Oxidation is always accompanied by reduction, for oxidation is 
merely the giving up of negative electrons, with the liberation of definite 
quanta of energy. The substance which receives the negative electron is 
said to be reduced or elecironated. In oxidations in which atmospheric 
oxygen is combined with substances with the liberation of energy, the 
molecular oxygen is the substance which is reduced. It is just as proper 
to call the process reduction as to call it oxidation, for one atom is always 
reduced when another is oxidized. 

The stage to which the oxidation of a carbohydrate, for instance, 
will proceed will depend upon the energy which can be liberated in the 
process. If the conditions are such that only rearrangement of the atoms 
in the molecule can occur, only small amounts of energy will be liberated. 
In the formation of lactic acid from glucose, owing to the rearrangement 
and the formation of new groups, one atom takes on negative electrons 
from another, and the new compound produced by the reaction contains 
less energy than the original substance. The energy liberated may be 
first electronic, that is, chemical energy, involving valence electrons 
with releasal of proper quanta of energy. The energy may be trans- 
formed into heat, electrical energy, light, or the kinetic energy of trans- 
lation of cell masses in the activities of the protoplast, but finally it all 
may go to produce heat. The whole process of photosynthesis results in 
the transformation of light energy into stored chemical energy. The proc- 
ess of respiration transforms this energy in one or more stages, finally 
producing heat. 
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The oxidation of a substance can be illustrated most simply by the 
change of charge on a single element. Iron commonly exists in solution 
in two conditions of electronation, namely, as ferrous ion and as ferric 
ion. Ferric ion, Fe+++, may be reduced to ferrous ion, Fe++, by addition 
of an electron, e, with accompanying storage of a proper quantum of 
energy. 

Fe+++-fe±::;Fe++ 

When the electron is taken on, the ferric ion is reduced to ferrous 
ion, or vice versa, and always the same quantity of energy is absorbed or 
liberated. The electron may again be transferred to another atom upon 
the oxidation of ferrous ion to ferric ion. A quantum of energy is involved 
in the reaction, which corresponds to the energy given up or absorbed 
in the change of position of the electron in the atom. That the energy 
so involved is usable by plants is shown by the fact that certain bacteria 
use this process of energy releasal from the oxidation of ferrous ion as 
the sole source of their energy. 

Since we always have to do in respiration with simultaneous oxida- 
tion and reduction, it is not surprising to find that both the substance 
oxidized (oxygen acceptor) and the substance reduced (hydrogen ac- 
ceptor) may be organic substances as well as inorganic ions. One molecule 
of an aldehyde, for instance, may be oxidized with an energy transfer to 
another molecule of the same substance which is reduced. Thus, acetalde- 
hyde may be simultaneously oxidized and reduced in the Cannizzaro 
reaction to acetic acid and alcohol. 

2CH3CH0->CH3C00H -I-CH3CH2OH 

There is merely an electronic transfer between the two molecules, and 
there is little or no energy liberated as heat; the energy transferred re- 
mains as chemical energy. No energy need be added from outside, and 
the reaction will proceed until equilibrium is established between the 
three substances, acetaldehyde, acetic acid, and ethyl alcohol. A cat- 
alyst may speed up the establishment of this equilibrium. 

II. Action of Catalysts in Oxidation-Reduction 

If ferric ion should be introduced into this system, it might take up 
the energy liberated from the oxidation of acetaldehyde to acetic acid 
and be reduced to ferrous ion. The iron then in the ferrous condition may 
give up this energy and the electron to reduce a second molecule of 
acetaldehyde to alcohol, and at the same time be oxidized to the ferric 
condition. In this manner the iron may act as a carrier of energy. Its 
presence in the system may speed up the establishment of equilibrium. 
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The iron is said to act in this case as an oxidation-reduction catalyst. 
This is evidently a common r61e of iron in plants. The condition for 
positive catalysis of the reaction is evidently determined by the ease 
with which the electronic transfer can be effected. If the electronic trans- 
fer can be made by iron catalysis through chemical reactions of lower 
order (first or second order reactions) than it can be made through the 
interaction of the molecules of aldehyde, the rate of the reaction will be 
increased, and the time to establish equilibrium will be decreased ac- 
cordingly. 

III. Respiratory Chromogens 

Substances, both organic and inorganic, other than iron have the 
ability to serve as catalysts of the oxidation-reduction process. Probably 
their mechanism is similar to iron catalysis. To the whole group of com- 
plex organic substances so acting in plant cells Palladin gave the name 
respiratory chromogens^ without designating the definite chemical sub- 
stances concerned in every case. We may refer to them by this name 
properly because there are in cells certain colorless substances which on 
oxidation produce colored substances. The substances in plants which 
serve as respiratory chromogens may be formed from so-called pro- 
chromogens , which may be merely the combination of aromatic substances 
as glucosides. The glucosides may be decomposed by emulsin with a lib- 
eration of the chromogen. On oxidation of the chromogen a colored 
substance may be produced which may be called a respiratory pigment. 
The formation of the respiratory pigment is accompanied by an increase 
in the respiratory activity in the plant. This indicates that these sub- 
stances may function in the respiratory process regularly. The respira- 
tory chromogens are evidently diffusible in the tissues. When leaves of 
Bryophyllum are frozen in spots but not over the whole area, there is an 
accumulation of the respiratory chromogens in the frozen spots, and on 
oxidation these cause the frozen cells to turn dark brown or l)lack in 
color. Respiration in these areas is increased. That accumulation of the 
respiratory chromogen has occurred in the frozen spots can be shown by 
subsequently freezing the whole leaf, when it may be observed that the 
spots first frozen remain darkest in color. 

When the respiratory chromogens are extracted from plant tissues 
and brought into alkaline solution, they absorb oxygen very actively. 
We may assume that the respiratory chromogens are easily oxidizable 
substances which take on the oxygen of the air to form organic peroxides 
which again may give up oxygen to other substances. They may thus 
act in a manner similar to iron, as carriers of oxygen. 

The respiratory chromogens are probably widely different in various 
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plants. There may be several different substances which function in this 
manner in the same tissue. The chromogens produce various colored 
pigments on oxidation The potato turns brown and then purplish black 
on oxidation. The apple turns brown; the indigo plant turns blue. The 
great variety of colors produced indicates differences in the substances 
which are oxidized to form the pigments. The chromogen of potato can 
be prepared in the unoxidized condition by dropping slices of potato 
into boiling alcohol. In similar manner colorless chromogens may be 
prepared from other plant tissues. The hot alcohol stops the action of 
oxidizing enzymes in the tissue which lead to the oxidation of the chro- 
mogens. From those chromogens which have been prepared, it seems that 
they are generally aromatic substances, frequently having the structure 
of orthodioxybenzene (quinone). To this nucleus may be joined various 
groups. Probably a great many substances containing a quinone ring or 
capable of forming it, may act as respiratory chromogens. 

The substances which are easily oxidized by the atmospheric oxygen 
are oxygen acceptors. When the chromogen is exposed to the air, it 
takes on oxygen and forms the respiratory pigment which has the nature 
of an organic peroxide. It may again give up oxygen, that is, it then may 
be an oxygen donator. Since the oxygen which may be given up may 
combine with hydrogen to produce water, the oxygen donator may also 
furnish a mechanism for the removal of hydrogen from compounds. 
The organic peroxide is also a hydrogen acceptor. In similar manner the 
compound which gives up hydrogen may be called the hydrogen donaior. 
Since in all cases we are concerned with the giving up or taking on of 
electrons, we may say that we have to deal with two classes of substances, 
reductants and oxidants. The reductant can accept oxygen or donate 
hydrogen; the oxidant can accept hydrogen or donate oxygen. Both 
processes are ca|)able of i)erformance by one substance on account of 
the formation or decomposition of water, which can occur on account of 
the universal presence of water in biological media. 

The presence in animals of iron and copper containing pigments, 
such as hemoglobin and hemacyanin, which serve as oxygen carriers, 
has been known for a long time. There is present in both plants and 
animals also another important respiratory pigment, cytochrom, which 
is probably related to both hematin and chlorophyl in chemical structure. 
Cytochrom is a delinite chemical substance which shows a spectral ab- 
sorption similar to that of hematin. From its reactions it seems to be a 
protoporphyrin or koproporphyrin. It shows prominent absorption 
bands at 604, 564, 550, and 520 Owing to the fact that it is easily 
destroyed by oxidation, its presence in cells is best demonstrated spectro- 
scopically. Its quantitative distribution in tissues is closely paralleled 
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by the intensity of the oxygen respiration. In facultative anaerobic 
fungi, such as Aspergillus oryzce, when the cultures are aerobic, cytochrom 
is present. If oxygen is excluded, the cytochrom disappears within a 
few hours as the fungus begins anaerobiosis. Then upon exposure again 
to free oxygen, cytochrom begins to form. 

Cytochrom can be oxidized and reduced, the reaction being easily 
reversible. The oxidation and reduction of cytochrom can be observed 
spectroscopically from the shift of position of the absorption bands. 

The function of cytochrom may be to act as an hydrogen acceptor, 
removing the hydrogen from water or from reduced substances, thereby 
starting the oxidation process. Perhaps dehydrogenation is a preliminary 
step in the oxidation of both sugars and certain organic acids, such as 
citric acid. 

There is present also in both plants and animals the amino acid, 
cysteine, containing a sulphhydryl — S — group. On solution of cysteine 
in water, and in the presence of oxygen, the sulphhydryl group may be 
oxidized, with the production of cystine. This same reaction is shown 
by glutathione or other substances containing the thione group. 

4RSH +02-^2 (RS) 2 + 2H2O 

At first it was thought that cysteine and thiones were auto-oxidizable 
substances, but Warburg has shown that traces of adsorbed iron are of 
the greatest importance in causing their oxidation. These several indica- 
tions make apparent the important role of iron catalysis in respiratory 
processes. 

Warburg explains the effect of cyanides in repressing respiration, on 
the basis of their effect on iron catalysis. The cyanides form irreversible 
combinations with the catalytic iron either of the hematin or the iron 
adsorbed on glutathione, and prevent its action as a catalyst. In similar 
manner the action of carbon monoxide can be explained, the relation 
between CO and the respiratory chromogen being similar to that with 
hemoglobin. The CO interferes with the oxygen-carrying capacity of the 
respiratory pigment. Cytochrom does not react with carbon monoxide. 
Cytochrom is not auto-oxidizable, and the effect of CO in inhibiting its 
action is through the removal of oxygen activated in the presence of iron. 
Molecular oxygen does not oxidize cytochrom. There is present in bac- 
teria and fungi a system which binds CO loosely, much as in the blood of 
animals in cases of carbon monoxide poisoning. The system which takes 
on CO also serves to regulate the oxidation potential independent of the 
external oxygen pressure. In yeast, aerobic respiration is dependent 
upon a certain height of the oxidation potential, which is established by 
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this regulating system through its poising action. When the oxidation 
potential is below the limiting value, only fermentation takes place. 

IV. Poising A ction in Oxidation-Reduction 

When a single substance is being reduced, it will take on electrons 
until all of the substance has been transformed into the fully reduced 
condition. During this time the oxidation-reduction potential changes 
from the value for the fully oxidized substance to that of the fully re- 
duced substance. There is then a range of change of the oxidation- 
reduction potential. The shift of the oxidation-reduction potential cor- 
responds to the shift of the pH of a medium during acid or base titration. 
The ability of a substance to maintain a certain oxidation-reduction 
potential may be called poising action. Poising action in reduction cor- 
responds to the buffer effect of substances on the actual acidity, pH, of 
solutions. If more than two substances capable of being reduced are 
present in the solution, we may titrate them separately if their ranges of 
change in oxidation-reduction potential are sufficiently far apart, in the 
same manner that we may titrate i, 2, or 3 hydrogens from phosphoric 
acid by the acidimetric methods. Oxidation-reduction potential will 
change in a manner similar to the change of hydrogen-ion concentration 
in acidity titrations with the hydrogen electrode in the measurement of 
the actual acidity (pH) of solutions. 

V. Range of Oxidation-Reduction Potentials 

In oxidation-reduction reactions in plants, we are concerned with 
oxidation-reduction potentials ranging all the way from the extreme 
oxidizing conditions existing in photosynthesizing leaves which evolve 
oxygen against the atmospheric pressure, to the highly reducing condi- 
tions in fermentations, at the other extreme, which liberate molecular 
hydrogen against the atmospheric pressure or at greater pressures. We 
may take the range of oxidation-reduction potentials as lying between 
the limits of equilibrium of the solution with one atmosphere of oxygen, 
and with one atmosphere of hydrogen, as the conditions commonly 
existing in plants. 

VI. Measurement of Oxidation-Reduction Potential 

In the reaction in which ferric ion takes on an electron and is reduced 
to ferrous ion, Fe+'^+ -l-e^Fe'++, the oxidation-reduction potential can 
range between the value at which all of the iron is in the ferric condition, 
and the value at which all of the iron is in the ferrous condition. Be- 
tween these two limiting values for this system, the oxidation-reduction 
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potential will depend upon the relative molar concentrations of the two 
constituents, Fe+++ and Fe++. A platinum wire placed into the solution 
will take on a potential which is a function of the ratio of ferrous to ferric 
ion. The oxidation-reduction potential can be found as follows: If Eh 
is the observed potential difference between the platinum electrode and 
the standard normal hydrogen electrode, Eo is a constant characteristic 
of this particular oxidation-reduction equilibrium and equal to Eh when 

/Ferro\ . . „ . , 

the ratio of ferrous ion to ferric ion ( ) is unity, R is the gas con- 

stant, T the absolute temperature, N the number of charges concerned, 
F the farad (96,500 coulombs), and Ferro and Ferri represent the molar 
concentrations of the ferrous and ferric ions respectively. 

t:- t? FerroFe+''' 

“®““NF ’^FerriFe+++ 

Since substances other than ferric and ferrous ion are concerned in oxi 
dation-reduction potentials, we may substitute the general equation 

Eh Eo j^EnOx] 

in which Red and Ox refer to the molar concentrations of reductant and 
oxidant. 

In a solution in which the oxidation-reduction potential was great 
enough to evolve hydrogen, a platinum electrode surface will become 
saturated with hydrogen. It will act as a hydrogen electrode. The hy- 
drogen adsorbed upon the electrode is in eciuilibrium with the hydrogen 
ion, H+, in the medium and with hydrogen in the atomic condition. The 
pressure of hydrogen at the electrode P, or the pressure under which it 
is evolved, will be a function of the H+ and H concentrations in the 
medium. The components of the oxidation-reduction medium may then 
interact either with hydrogen ions or water, liberating gaseous hydrogen 
and building up on the electrode a dehnite pressure of hydrogen, or, vice 
versa, the hydrogen on the electrode may go into solution in the medium 
to cause the reduction of the substances in the system. When a constant 
pressure of H2 is maintained at the electrode in equilibrium with the 
solution, at a known pH, the potential at the electrode may be used to 
measure the oxidation-reduction potential because it refers to the po- 
tential produced by a definite pressure of hydrogen. 



OXIDATION AND REDUCTION 


369 


We may calculate the oxidation-reduction potential of solutions as 
follows (Clark): Given an equimolecular mixture of ferrous and ferric 
chlorides in solution at pH i. A platinum electrode in such a solution 
will have a potential about 0.75 volt more positive than the n/i hydrogen 
electrode. If this potential is taken as the difference between the n/i 
hydrogen electrode and a hydrogen electrode at pH i, we may calculate 
the pressure of H2 in equilibrium at the second electrode at 25° C. 

— ==0.059 from the equation: 


0.7s v = -0.059 


log 


VJ 


P = 10“^^ atmospheres pressure of H2 in equilibrium with the second 
electrode. In similar manner, using an oxygen electrode, the equilibrium 
pressure of O2 could be determined. Fig. 1 17 
gives the theoretical relationships between 
the partial pressures of oxygen and hydro- 
gen, the electrode potential, and the pH of 
solutions. 

Since it is more convenient to use indi- 
cators which show a color change than to 
measure the actual potential differences, 

Clark has devised a series of oxidation- 
reduction indicators. These may be used 
at known pH to determine the oxidation- 
reduction potential. 

The actual conditions of oxidation within 
cells have been but little studied. Yet there 
are evidently greater fluctuations of the ox- 
idation-reduction potential normally occur- 
ring in plants than in higher animals in 
which the oxidation-reduction potential of 
the blood is regulated. Plants show great 
fluctuations in the oxidation-reduction con- 
ditions. Perhaps this is related to the greater 
range of oxidations and reductions which 

can be effected by plants. When closed off in a confined space, plants 
will absorb cjuantitatively the oxygen present without death occurring. 
A higher animal requires an oxygen pressure almost equal to that pres- 
ent in the normal atmosphere for its existence. The respiratory pigments 
of plants evidently can take in oxygen under more reducing conditions 
than can the hemoglobin of the blood. 



Fig. 117. — Theoretical relations be- 
tween electrode potential Eh, pH, and 
partial pressures of hydrogen and oxygen. 
Each decrement of the partial pressure of 
hydrogen by lo”'* shifts the potential of a 
hydrogen electrode at 30° C.+o.o3X4 = 
0.12 volt. Each decrement of the partial 
pressure of oxygen by 10“ * shifts the the- 
oretical potential of an oxygen electrode — 
o.ois X4 = 0.06 volt. (After Clark.) 
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RESPIRATORY ENZYMES 

The respiratory process is catalytic, and of the catalysts which take 
part in the process there are some whose action is destroyed by heating 
and by other agencies. These thermolabile substances have usually 
been referred to as enzymes. By various reactions there have been sepa- 
rated several different types of action, although all of these substances 
are really oxydoreductases, that is, they catalyze the simultaneous oxida- 
tion and reduction of substances. The functions and identities of these 
substances have never been sufficiently studied. Some which were for- 
merly thought to be single enzymes have been shown to have several 
constituents acting together. 

We may differentiate the following types of action among the thermo- 
labile catalysts which seem to be concerned with respiration. 

1. Catalase is the enzyme which hastens the cleavage of hydrogen peroxide 

into water and molecular oxygen. About the only reason we have for 
considering this enzyme to be of importance in respiration is the fact 
that it is almost universally present in living things. Its action in living 
organisms would depend upon the presence of hydrogen peroxide in 
cells, which is by no means proved. There is no reason for assuming that 
the only action of this enzyme is in the cleavage of H2O2, yet this is 
taken as the measure of its activity. By its action H2O2 is decomposed 
to HoO and O2, with an electronic transfer from one of the oxygen atoms 
according to the following equation: 2H202-»'2H20H-02. Catalase is 
most active in neutral solutions (Fig. 118). 

2. Oxygenase is the enzyme which hastens the oxidation of substances by the 

oxygen of the air. By its action, molecular oxygen is reduced and enters 
into combination with the oxidizable substance. The thermolability is 
about the only reason for assuming that this is an enzyme at all, and 
that is no very good reason. A great many known compounds may be 
oxygen carriers and may be destroyed by heat. 

3. Oxydoreductase, or reductase, is the enzyme which causes the simultaneous 

oxidation and reduction of substances, in which a transfer of oxygen 
from one molecule to another is required. A typical action of this enzyme 
is the simultaneous reduction of nitrate to nitrite and oxidation of 
benzaldehyde to benzoic acid. 

4. Zymase is the enzyme which initiates and hastens the decomposition of 

glucose into carbon dioxide and ethyl alcohol: 


C6Hi20a~^2C02 + 2C2H50H 
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5. Peroxidase is the enzyme which hastens the transfer of oxygen from an 
organic peroxide to an oxidizable substance. Much of the peroxidase 
action may be due to such thermostable substances as iron or manganese 
compounds. There is a question as to whether substances capable of 
being called peroxidase enzymes exist in plants. Possibly the change of 



Fig. 1 18.— Relation of the acidity (pH) and time to the activity of catalase. 

reactivity on heating shown by these substances may be due to partial 
inactivation of adsorbed iron or manganese compounds. If there were 
no change in activity with heating, we should be forced to conclude that 
no enzyme was concerned, or to amplify more fully, our expressed ideas 
as to what constitutes an enzyme. It is probably best to consider that 
enzyme actions may be caused by different substances rather than by 
one substance alone. We should more properly speak of enzymes as 
types of catalytic action rather than as actual substances; however, one 
single substance chemically identified may have the action of enzymes. 

In plants which produce gluconic acid as an oxidation product there 
is present a glucose oxidase. This enzyme can be found in the pressed 
juice from cultures of Aspergillus and Penicilliiim which have been grown 
pn a solution containing glucose. This enzyme will oxidize d-mannose 
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and d-galactose in minor degree, but will not act upon d-fructose, d-xylose, 
d-arabinose, acetaldehyde, dioxyacetone, glycerin, or calcium d-glucon- 
ate. It is possible that there may be in the pressed sap d-galactose and 
mannose oxidases. 

Glucose is oxidized by glucose oxidase in the presence of oxygen to 



Fig. iig. — Relation of the acidity to the activity of glucose oxidase, x — x, glucose oxidase, buffer, 
and glucose, o — o, glucose oxidase and buffer without glucose. 

gluconic add. The enzyme will not act in the absence of oxygen; it differs 
from zymase in this regard and also in its inability to oxidize fructose. 
Phosphates are not coenzymes of glucose oxidase. The optimal acidity 
for glucose oxidase is 5. 5-6.5, as shown in Fig. 119. With increasing the 
temperature up to 30° C., the activity of the enzyme increases, but there 
is a decrease in its activity with time, which causes the activity to de- 
crease rapidly at the higher temperatures. The temperature of inactiva- 
tion is about 73° C. 
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Assimilation number, 281 
in Chlorella, 

Astragalus, 167 
Asymmetrical compounds, 1 7 
catalyst, 7 
molecule, 17 
synthesis, 18 
carbon atoms, 105 
Auricidaria, 330 
Autolysis, 89 
Autotrophs, 40, 79 
land plants, 53 
bacteria, 79 

Azotohactcr, 85, 86, 87, 98 
A . chrodcoccum, 85 

A. agile, 85 

B 

Bacillus proteus, 32 

B. puirificus, 82 
B. s p or 0 genes, 82 

B, coll, 82, 90, g6, 132, 356 
B. aster os par US, 85 
B. ellenhachlensls, 85 
B. radicicola, 85, 87, 88 
B. subtilis, 8q 
B. mycoides, 89, go, 99 
B. nreus, 90 
B. I act is, 149 
B. coli communis, 13 1 
B. macerans, 149 
B. coli comynunis acrogcnes, 132 
JS. tuberculosis , 199 
B. extorquens, 349 
jB. lactis acidi, 356 
B. amylobacter, 356 
Bacteria, 32, 39, 40, 54,82 
sulphur, 5 2 


Bacteria {cont.) 
iron, 5 2 
soil, 64 

chemosynthetic, 54 
autotrophic, 79 
heterotrophic, 79, 85 
ammonifying, 90 
nitrite-forming, 91 
denitrifying, 94, 96 
purple sulphur, 255 
acetic acid, 355 
Bacteriopurpurin, 40, 255 
Bacterium 

B. vidgare, 82, 90 
B. aero genes, 85 
B. rubiacearum, 85, 87 
B.follkola, 87 
B. prodigiosum, 90 
B. Jliiorescens, liqiiefacions, 90 
B. tunics cens, go 
B. subtilis, 90 
B.Jiliformis a'erobius, 90 
B. denilrijicans, 96 
B.denitrijicans agilis, 96 
B. pyocyaneum, 96 
JB. hard el) a, 96 
B.xylinum, 130 
Bacteroids, 88 
Bananas, 341 , 343 
Baptisia tinctoria, 144 
Barium, 77 
Barley, 247 
Bassorin, 167 
BatracJws per mum, 2 86 
Beggialoa, 70, 80 
Beiizaldchydc, 18 
Betaine, 206, 250 
Bicarl)onate ion, 256 
Bioluminesc'cnce, 14, 330 
Biuret test, 238 

Blackman reaction, 256, 281, 282 
Black Sea, 82 
Boletus bovinus, 1:39 
cdiilis, 139 
Bolometer, 292 
Boron, 76 

Brasslcaceae, 70, 165 
Bromine, 76 
Brucine, 18 
Bryophyllum, 364 
Buffer, action of soils, 49 
Butyl alcohol, 356 
Butylene oxide, 357 
Butyric acid, 195, 196, 337, 356 
fermentations, 356 
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C 

Cactaceae, 207, 343 
Caffeine, 250 
Calabar bean, 209 
Calamites, 208 
Calciphiles, 49 
Calciphobes, 49 
Calcium, 72 

deficiency, 51 
phosphate, 69 
sulphate, 70 
carbonate, 72, 73 
hydroxide, 72 
bicarbonate, 73 
sulphide, 81 
Calothrix, 286 
Cannabis saliva, 217 

Cannizzaro reaction, 16, 195, 231, 336, 
353. 3 S 9 , 363 
Carbamino acids, 306 
Carbohydrates, 3, 19, 28, 49, 76, 103, 104 
classification and properties, 103, 107 
importance of as plant constituents, 
103 

Molisch test for, 163 
reserve in root and stem of oak, 166 
definition of, 104 
chemical test for, 106 
fat transformations, 200 
in mangold leaf, 301 
Carbon, 48, 53 
atom, 10, 18 

dioxide, 16, 17, 18,47, 48, 52, 256,346 

metabolism, 52 

diffusion, 260 

compounds, 52 

cycle, 53 

nitrogen ratio, 55 
source of, 256 
C/N ratio, 226 
Carbonate ions, 256 
Car lea papaya, 23c) 

Carotinoids, 269, 279, 2S0, 286 
pigments, 272, 278 
Carotins, 278, 279, 280 
Casiiarina, 87 
Catabolism, 39 
Catalase, 19, 32, 370 
Catalpa bignonioidcs, 258 
Catalyst, 325, 330 
positive, 12 
negative, 12, 13 
asymmetrical, 17 
inorganic, 19, 29 
enzyme, 19 
physical, 29 
synthetic, 31 
biological, 39 


Catalytic action, 12 
Cation, 60 
Ceanothus, 87 
Cell, 37, 38,72 
sap, 37 

wall constituents, 173 
wall formation, 173 
Cellulose, 173, i74> i75 
cellulose-a, 179 
cellulose-jS, 179 
Cephalin, 204 
Ceramiim nibriim, 287 
Cerasin, 167 
Ceratophyllum, 256 
Cereals, 247 
Cerebrosides, 206 
Char a, 188, 256 
Chelidoniumsp., 156 
Chemical reactions, 3 
transformations, 3 
initiation of reactions, 6 
Chemosynthesis, 40, 79, 83 
Chemosynthetic processes, 255 
Chicory, 163 
Chieranthus, 13 1 
Chitin, 139 
Chloral hydrate, 156 
Chlorella, 266, 293 
Chlorine, 76 
Chloroform, 4 

Chlorophyl, 29, 39, 73, 76, 286, 302 
molecules, 15, 18 
synthesis, 7 1 
formation, 71, 74, 267 
stability of, 271 
precursors of, 271 
decomposition, 271 
in chlorotic leaves, 272 
deficiency, 273 

chemical reactions of, 273, 274 
Chlorophyllase, 270 
Chlorophyllins, 276 
Chlorophyllogen, 272 
Chloroplasts, 15, t6, 266 

pigments, relative abundance of, 267 
Chlorosis, 71 
Cholamine, 205 
Cholesterol, 208, 209 
Choline, 183, 203, 206, 251 
Chromatin, 72 
Chromogens, 364, 365, 366 
Chromoplastids, 278 
Chromoproteins, 220 
Chromosomes, 3 
Citromyces, 71 
Claviccps purpurea, 199 
Closteridium, g8 

C. pastorianum, 85, 86 
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Clupandonic acid, 184 
Cobalt, 77 

Coefficient, partition, 4 
temperature, 7 
Coenzymes, 134 
Colchicum, 165 
Colloids, 3, 20, 68 
amphoteric, 28 

Complementary chromatic adaptation, 
288 

Compositae, 120, 123, 162, 163 
Compounds, asymrnetrical, 17 
Condensation reactions, 281 
Configuration, 17, 18 

stereochemical, 17, 19, 29 
Coniferyl alcohol, 180 
Copper, 28, 76,325,332 
ammonium tartrate, 17 
carbonate, 76 
salts, 76 
CoprinuSj 74 
Crassulaceae, 343 

Critical thermal increment, 8, 328 

Croton iigliim, 184 

Crystals, of proteins, 5 

Cucurbiia, pepo^ 60, 63 

Cucurbits, 267 

Cuticle, 208 

Cutin, 174, 209 

Cutocelluloses, 174 

Cyanides, 233, 333, 366 

Cyanohydrin, synthesis of sugars, 138 

Cyanophyceae, 162, 220, 286, 287, 288 

Cycas, 87 

Cyperus esculentus, 199 
Cysteine, 70, 83, 230 
Cystine, 70, 83 
Cystoliths, 73 
Cystosine, 218 
Cytochrome, 29, 365 
Cytolipoids, 203 
Cytoplasm, 3, 16,37 


D 

Dahlia, 163 
tubers, 120 
Deamination, 242 
oxidative, 90, 244 
reductive, 90 
Decarboxylation, 242 
Decomposition, 6 
Deficiencies, nutritional, 77 
Dehydrogenation, 328 
Denitrification, 94 
Dextrin, 155, 158 
Dextrosans, 162 


Diastase, 31, 32, 1 57 

course of formation in plants, 160 
Dicarbonyl bond, 147 
Dihydroxyacetone, 135, 136 
Diketopiperazine, 227 
Dioscoreasp., 202 
Dioses, 1 1 2 
Dipsacaceacy 144 
Dipsacan, 144 
Disaccharides, 146 
Dolomitic rocks, 74 
limestone, 74 
Donnan equilibrium, 60 
Dulcitol, 128, 129, 130, 132 
1-dulcitol, 139 

E 

Earth, crust of, 51 
Edestan, 220 
Edestin, 220 
Elaioplasts, 198 
ElcagniiSy 87 
Electronegative, 14 
Electronic energy, 13 
configuration, 14 
Electrons, 13 
E/oifect, 314, 315,337 
Emulsification, 4 

Emulsin, 18, 20, 30, 31, 120, 143, 144 
End-product, 22, 23, 24, 25 
Energy, gram molecular, 8 
of activation, 8 
Kinetic, 13 
quantum of, 13, 15 
radiant, 13 
electronic, 13 
heat, I s 
light, 16 

output of Mazda C lamp, 291 
relations, 325 
source of, 325 
Enolization, 124 
Enicridlum, 213 
Environment, 5 

Enzymes, 16, 18, 29, 30, 32, 39, 4© 
classification of, 20, 22 
activity, 21, 22-27 
distribution of, 30 
exo-, 30 
endo-, 30 
formation of, 32 
pro-» 33 
C0-, 34 
anti-, 34 

Enzymes am yloclastic, 164 
proteolytic, 237 
oxidoreductase, 250 
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Enzymes amyloclastic, (cont.) 
Schardinger, 336 
respiratory, 370 
Epimerides, 122 
Epimerism, 122 
Equilibrium, 5, 20, 62 
Ereptases, 238, 239 
Ereptic digestion, 221 
Ergosterol, 209 
Erythritol, 138 
Erythrodextrin, 160 
Esterases, 19, 33 
Esters, 207, 343 
Ethyl butyrate, 39 
Ethyl chlorophyllides, 270 
Ethylene, 247, 271, 272, 280 
oxide ring, 10 
oxide, 271 

Euphorbiaceae, 199, 207 
Excelsa, 217 

F 

Fats, 3, 183 

classification of, 183 
temperature relations of, 187 
melting points of, 188 
“ Fat trees, ” 190, 200 
energy value of, 190 
hydrolysis of, igo 
rancid ificat ion of, 192 
chemical tests of, 192 
acid number of, 193 
synthesis of, 194 
formation of, 197, 202 
deposits in Elaioplasts, 198 
in fungi, 199 
storage of, 109 

utilization in germination, 201 
Fatty acids, 1 <83 

formation of, 194 
esterilication of, 197 
Fchling’s solution, 125, 149, 160, 162 
Fermentations, 351, 354 
alcoholic, 351, 352 
acetic, 355 
butyric, 356 
lactic, 356 

transformations preceding, 357 
Ferments, 351 
Fertilizer, 48 
Flagellates, 162 
Flax, 272 
Flocculation, 4 
Fluorescence, 14 
Fluorine, 76 
Foraminifera, 65 
Formaldehyde, 156, 233, 283, 302 
Formhydroxamic acid, 232, 233 
potassium salt of, 231 


Formylglycine, 230 
Fraxinns sp.y 150 
Frost injury, 208 
Fructose, 9, 10, 149, 150, 359 
d-fructose, 117 
Fructosides, 9, 145 
Fruits, 343 

Fucoxanthin, 278, 280 
Fungi, 32, 33, 39, 54 
soil, 64 

Furfural, 106, 114 
Fusarium Uni, 272 

G 

Gaillardia, 198 
Galactosans, 128 
Galactose, 20, 128, 134 
d-galactose, 116 
Galactozymase, 128 
Galacturonic acid, 1 16, 128 
Geddic acid, 168 
Gel, 16 

Gentianose, 150 
Germination in seeds, 239 
Gigartina sp., 168 
Ginkgo, 267 
Globules, oil, 5 
Globulins, 216 
Gluconic acid, 127, 130,356 
Glucoproteins, 220 
d-glucosamine, 139 
Glucose, 16,356,357, 359 
d-glucose, 1 1 7 
a-d-glucose, rig 
jS-d-glucose, 1 19, 176 
Glucosides, 114, 141, 142, 233 
cyanogenetic, 142 
chromogen-producing, 144 
function of in plants, 144 
a-methyl glucoside, 1 19, 120 
iS-methyl glucoside, 1 20 
Glucuronic acid, 115, 116, 178 
Glutamic acid, 247 
Glutamine, 243 
Glutamylcystine, 230 
Glutathione, 70 
Glutelins, 217 

Glyceric aldehyde, 114, 194, 352, 360 
Glycerol, 30, 183 
formation, 194 
esterification of, 197 
Glycerophosphoric acid, 204, 206 
Glyceryl tripalmitate, 184 
trioleate, 184 
Glycine, 230, 232, 250 
Glycogen, 162, 357 
Glyoxaline, 232, 233 
Glyoxylic acid, 230 
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Grafts, potato on tomato, 165 

Grape, 341 

Grasses, 120 

Grignard’s reagent, 273 

Gross feeders, 56 

Grimilea, 87 

Guanidine, 250 

Guanine, 218 

Gummosis, 168 

Gums 

natural, 167 

formation and properties of, 167 
wound, 168 
gumarabic, 113 
gumofgedda, 113 

H 

Halogens, 76 
Halophytes, 68 
Heliophilous, 289 
Heliophobous, 289 
Hematin, 277 
Hemocyanin, 77 
Hemoglobin, 29, 71, 77 
Hepaticas, 76 
Heptoses, 138 
Heterotrophs, 40 
Hexose phosphate, 133 
Hexose phosphoric acid, 134 
Hexoses, 117, 136, 326 
oxidation of, 127 
reduction of, 128 
fermentable, 133 
in leaves, 300 
Hilum, 152 

Hippocuprosterol, 208 
Histidine, 232 
Histones, 234 
Hordeum viil^are, 217 
Hiibl number, 193 
Humus theory, 43 
Hydra, 266 
Hydrangeas, 75 
Hydrazones, 126 

formation of, 126 
Hydrilla, 310 
Hydriodic acid, 156 
Hydrocellulose, 1 74 
Hydrocyanic acid, 18, 142 
hydrate of, 231 
Hydrogen, 18, 29,48, 53 
sulphide, 40, 58, 81, 82 
ions, 49 

ion concentration, 49, 50, 172 
acceptor, 363 
Hydro genomonas, 54 
Hydrolysis, 20 
of sucrose, 9 


Hydrolytic cleavages, 16 
Hydroquinone, 145 
Hydroxylamine, 91 
Hypaphorin, 251 
Hyponitrous acid, 9 

I 

1-iditol, 139 
Illumination, 317, 318 
Imino group, 227, 233 
Inactivation, enzyme, 21 
Indican, 143 
Inorganic nutrients, 65 
Inosinic acid, 139 
Inositol, 140 
Inulin, 41, 120 
Inulose, 31 
Inversion, 9 

of cane sugar, 10 
velocity of, 10 
of sucrose, i x 

Invertase, 19, 27, 28, 29, 30, 31, 32, 33, 132 
Iodine, 4, 76 

number, 193 

Ion,4, 5i to, Sd 

hydroxyl, 9, 29 
hydrogen, 9 
potassium, 58 
phosphate, 58 
ammonium, 58 
toxicity of, 63 
antagonism of, 63 
Irisin, 163 

Iris psendacorusj 163 

Iron, 20, 28, 29, 34, 53, 57, 71, 272, 325, 
330 , 3 ^ 3 , 3^7 
ferrous, 40 
bogore, 52, 71 
pyrites, 58 
toxicity, 71 
bacteria, 71, 83 
special metabolism of, 83 
compounds, 333 
Isoamylaminc, 251 
Isobutylamine, 251 
Isoelectric points, 21, 233 
of proteins, 234 
Isomers, 17 

d-optical, 17 
1-optical, 17, 18 
cis-trans-, 186 
Isoprene, 278, 280 
Isovaleric acid, 139 

K 

Kainite, 65 
Kaolin, 27, 28 
Ketogluconic acid, 130 
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Ketoliexose, 117 
Ketoses, 126 
Kinetic theory, 7 
energy, 7, 13 

Koettstorfer number, 191 
L 

Lactarius volemtts, 139 
Lactic acid, 135, 137^356 

formation of by fermentation, 149 
fermentations, 356 
Lactone, ring, 118 

gamma formula, 357 
Lactose, 39, 149 
Lamella middle, 74 
Laminaria^ 138 
Larch, 138 
LariXy 150 
Latex, 199 

Law, of mass action, 10 

of the minimum, 48, 49, 308 
Leaching, 58 
Lead, 33 
Leaf, 77, 78 

nodule formation, 87 
pigments, 266, 268 
light absorption by green leaf, 283 
elTiciency of, 293 
first sugar of, 298 
Lecithin, 189, 203, 204, 205, 2S5 
LeguminosaCy 31, 76, 87, 140, 247 
Leisegang periodic precipitation, 173 
Length of day, 3 1;6 
Lenticcls, 338 
Lcptolhrixy 83 
Leucophyl, 272 
Leucoplasts, 152 
Leviilosans, t (')2, 163 
Levulosc, 356 
Lichenin, 1O2 

Light, wave lengths of, 0, 13 
alisorj^ition of, 13 
d- and 1- circularly polarized, 17 
al)Sorj)tion liy green leaf, 283 
length of light exposure, 31(1 
artificial, 320 
production, 330 
Lignin, 174, 179, 180 
reaction, 1 13 
Lignocellulose, 174, 179 
Lignonc, 179 
IJlimn tigriniiniy 155 
Limiting factor, 52, 66, 6g, 309 
Lingiisinimy 131 
Linoleic acid, 184 
Linolenic acid, 1:84 
Liniim usUatissimiimy 199 


Lipase, 19, 27, 30, 39, 19 1, 198 
preparation of, 192 
Lipides, 183, 203 
Lipoids, 3 
Luciferase, 330 
Luciferin, 330 
Lupeose, 150 
Lupinus lutens, 150 
vulgaris, 248 
angustifolius, 248 
Lycoperdum gematum, 139, 249 
Lycopin, 278, 280 
Lycopodiales, 75 
Lysine, 243, 247 

M 

Macbeth illuminometer, 292 
Magnesium, 29, 49, 74, 272 
pectate, 74 
of chlorophyll, 74 
phosphate, 74 
Malic acid, 342, 350 
Maltase, 31, 120, 300 
Maltobionic acid, 147 
Maltose, 146, 300 
d-mandelic acid, 18 
1-mandelic acid, 18 
Mandelonitrile glucoside, 142 
Manganese, 20, 28, 29, 33, 72, 325 
Manna, 138, 150 
Mannans, 120 

Mannitol, 128, 129, 130, 13 1, 132, 149, 
35d 

d-mannitol, 138 
Mannoketo heptose, 139 
d-mannose, 117 
Manures, 44 
Mass action, 5, 29 
law of, 10 

Material and energy relations, 325 
Meadow species, 50 
Mechanism of transformation, 3 
of a reaction, 9 
Melezitose, 150 
Melibiose, 20, 149, 150 
Mercaptan 
ethyl, 83 
methyl, 83 

Mesembryanthemeae, 343 
M escmbryanthemiiniy 349 
Metabolism, 39, 40 
general, 37, 53 
plant, 39, 42 
animal, 39 
nitrogen, 54, 55 
of inorganic nutrients, 65 
rate of, 77 
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Metabolism {cont.) 
of C, N, S, Fe, 79 
of iron, 83 
of nitrogen, 83 
Metals 

heavy, 76 
salts of, 77 

Methyl chlorophyllides, 270 
Methyl glyoxal, 352 
Methylphenylhydrazine, 126 
Microspora destilfuricans , 82 
Mineral nutrients, 49 
Mitochondria, 160 
Mitosis, 69 

Molecular activation, Kinetic theory of, 7 
Molecules, 5, 13, 14, 17, 19, 38 
“hot,” 13 
activated, 14, iS 
asymmetric, 17 

Molisch test, 106, 114, 163, 220 
Monemethyl glucose, 135 
Monocarbonyl bond, 147 
Monosaccharides, 112 
Monotropa, 279 
Mosaic disease, 281 
Mougeoiia^ 289 
Mucic acid, 128 
Mucilages, 168 
Mucor stolonifera, 355 
racemosus, 355 
javinicuSj 355 
Musa, 15s 
Muscarine, 206, 251 
Mustard seeds, 143 
Mutarotation, 1 19, 149 
My coderma accii, 351 
Myrica, 87 
My rosin, 143 
Myrsinaceae, 87 
Myxomycetes, 162 

N 

Neomeris, 163 
Neurine, 206, 251 
Nickel, 77 

Nitrates, 54, 55, 92, 272 
formation in soil, 92 
concentration, 93 
production, 94 
reduction, 97 
bacteria, 100 
Nitrification, 90 
Nitrites, 100 

oxidation of ammonia to, 90 
concentration, 93 
reduction, 97 
Nitroba£ier, 92, 93, 100 


Nitrogen, 53, 54 

atmospheric, 40, 41, 54, 83 
compounds, 41, 52 
special metabolism of, 83 
fixation, 83, 89 
losses, 83 

decomposition of complex com- 
pounds, 89 
cycle, 97, 100 
Nitrosococcus, 90, 100 
Nitrosomonas, 90, 100 
Nodules 
leaf, 87 
root, 87 
Nonoses, 136 

Nucleic acids, 140, 218, 250 
Nuclein, 218 

Nucleo proteins, 69, 217, 218 
Nucleus, 37, 41, 67, 71 

0 

Octitol, 139 
Oils volatile, 207 
Oleaceae, 13 1 

Optimal reactions for enzymes, 26, 27 

Opuntia, 338, 344, 345 

Orcinol, 114, 163, 179 

Organic acids, 333 

Ornithine, 243 

Ornithogahim, 198 

Oryza saliva, 156 

Osazones, 126, 149 

Oscillator ia, 288 

Oxalates, 338 

Oxalic acid, 230, 343, 348, 350 
production in respiration, 348 
Oxidation, 341, 362, 367 

potential, 280, 356, 362, 367 
conditions affecting nature of, 341 
incomplete products, 341 
Oxycelluloses, 174, 178 
Oxydases phenol, 244 
Oxydoreductase enzyme, 250, 336, 359, 
370 

Oxygen, 48, 53 

evolution of, 262 
supply to tissues, 337 
concentration, 346 
acceptor, 363 
Oxyganase, 370 

P 

Papain, 20, 239 

relation of acidity to activity, 240 
Parthenocissus, 128 
Pasteur's solution, 162 
Pavetta^ 87 
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Pectase, 170, 172 
Pectic substances, 169 
acid, 172 
Pectin, 174 

methoxylated, 172 
Pectinase, 170, 172 
Pectinogen, 170 
Pectocelluloses, 170, 174 
Pectose, 169, 170 
Penicillmm, 32, 349, 351, 371 
P. camemberti^ 33 
P. glaucum, 132 
Pentonic acid, 116 
Pentosans, 112, 113 
hydration of, 116 
Pentose sugars, 112 
origin of, 146 
general properties of, 1 14 
synthesis of, 114 
Pepsin, 19, 20, 27, 240 
Peptases, 33, 237 
Peptic digestion, 221 
Peptide linkage, 226 
Peptization, 4 
Peptones, 221, 239 
Permeability, cell, 73 
Peroxidases, 29, 371 
Per sea gratissima, 139 
Perseitol, 139 
Persimmon, 343 
Pfleum pratense, 154 
Phalaris arundinaceaey 163 
Phaseolus sp., 31, 205 
vulgaris, 160, 216 
multiflorus, 320 
Phellonic acid, 209 
Phenol oxidases, 244 
Phenyl alanine, 244, 246 
Phenyl hydrazine, iig, 126, 148 
Phenylpyruvic acid, 244, 246 
Phlein, 163 

Phleum pratensc, 120, 163 
Phloionic acid, 209 
Phloroglucin, 179 
Phoenix dactylifera, 1 20 
Phormidium sp., 27, 28, 29, 40, 70, 80, 
287 

Phosphate, 12 
hexose, 12 

Phospha tides, 3, 4, 183, 203, 205 
Phospholipins, 203 
Phosphorescence, 14, 330, 331 
Phosphorus, 58, 68, 69 
Photocatalytic reactions, 281 
Photocatalysis, 255 
Photocatalysts of higher plants, 28 


Photochemical, 15 
chain, 15 

endothermic, 15, 16 
exothermic, 15, 16 
enzymatic, 16 
vital, 37 

Photoelectric cell, 293 
Photolysis, 281 

Photosynthesis, 31, 41, 47, 49, 52, 67, 152, 
255, 281,289 

material exchange in, 255 
definition of, 255 
water used in, 265 
energy storage in, 290 
products of, 298 
first product of, 298 
synthesis of sugars in, 302 
rate of, 308 

effect of external conditions on rate, 
308 

light intensity and rate of, 311 
Photosynthetic pigments, 15, 40 
reactions, 281, 303 
process, 281 
process stages in, 308 
curve under variation of intensity of 
light, 310 

curve under variation of carbon di- 
oxide concentration, 311 
curve under variation of temperature, 
312 

rate oiElodea, 314 
Phycocyanin, 286, 287 
Phycoerythrin, 285, 286, 287 
Physostigma venenosum, 209 
Phytin, 140 
Phytol, 280 
Phytosterol, 142, 208 
Pigments 

photosynthetic, 15 
respiratory, 369 
Pine, 200 

seeds, 267 
Pineapple, 239 
Piperazine ring, 238 
Pisum,T,i 

sativum, 266 
Plant 

metabolism, 39 
evolution, 39 
nutrition, 49 
distribution, 49 
growth, 52 
kingdom, 52 
heliophobous, 289 
heliophilous, 289 
Plastids, 3, IS 
Plum, 326 
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Podocarpus, 87 
Poising action, 367 
Polarimeter, ii 
Polariscopic method, 106 
Polarized light, 105^ _ 

Polygonum wcyricMi^ 296 
Polymerization of simple sugars, 106 
Polyporus, 330 
Polysaccharides, 15 1 
classification of, 151 
Porphyra bicnnalis, 287 
Potassium, 49, 58, 65, 66, 67, 68 
iodide, 4, $ 
nitrate, 44, 60 
salts, 59, 65 
plants, 62 
sulphate, 65 
deficiency, 67 
starvation, 67 
nitrite, 231 
Potato, 267 
Precipitation, 4 
Precipitin reactions, 214 
Primula^ 139 

Products, decomposition, 6 
Prolamines, 217, 247 
Proline, 243 
Propionic acid, 356 
Proportionality, 10 
Propyl alcohol, 356 
Propylene, 271 
Protamines, 234 
Proteans, 220 
Proteases, 19, 31, 240 
activity of yeast, 238 
Proteins, 3, 29, 54, 213 

composition and function of, 213 
dehydration of, 214 
racemization of , 214 
classification of, 216 
primary derivatives, 220 
meta-, 220 
coagulated, 220 
secondary derivatives, 221 
synthesis of , 2 24 
decomposition, 242 
of seeds, 247 
storage in seeds, 248 
catabolism, 249 
Proteoses, 221, 239 
Protochlorophyll, 272 
Protopectin, i6g, 170 
Protopectinase, 170, 172 
Protoplasm, 28, 30, 37, 38 
of plant cell, 3 
constituent of , 214 
Psilohm, ig8 
Purine, 218 


Putrefaction, 8g 
Pyrheliometer, 292 
Pyridine, 232 
Pyrimidine, 218 
Pyrrol, 29, 232 
Pyruvic acid, 131, 136, 360 
Pyruvic aldehyde, 353 
Pytkium, 1 73 

Q 

Q/io, 17 

Quantum of energy, 13, 14, 15 
Quinidine, 18 
Quinine, 18 
Quinone, 365 

R 

Radiant energy, 289 

emission of in respiration, 326 
Radiation 

isochromatic, 15 
solar, mciximura, 290 
Radiobacter, 85 

Rariinose, 20, 128, 132, 149, 150 
Rainfall, s r 
Ranuncidaceae, 70 
Rate, of chemical reactions, 5 
of physical processes, 29 
of growth of apple, 342 
Reaction, chemical, 3, 5, 1.0 
metabolic, 5 
rate of, 6, 1 2 

mono-molecular, 6, 10, 12 
bimolecLilar, 6, 10 
irreversible, 7 
mechanism of, 8 
reversible, 9 
Reduction, 3O2, 367 
Reichert-Mcissl number, 1:93 
Respiration, 47, 3-5? 34b 
of fruits, 53 
anaerobic, 53 
intramolecular, 53 
of nitrite forming bacteria, gt 
effect of temperature on, 326 
source of oxygen for, 335 
rate of apple, 342 
anaerobic phase of, 345 
Respiratory 

rate, 326, 331 
intensity, 331,332 
process, 333 

methods of measuring rate, 334 
ratio, 333 

Rhamnose, 112, 114 
Rhizohium legiminosim, 87 
R. radicicolmn^ 87 
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Rhodophyceae, 220, 266, 286 
Rhodoxan thine, 278 
Ricinoleic acid, 184 
Ricinus commiinis^ 199, 201, 216 
Ripening process, 200 
Robinia pseudacaciaj 248 
Roots, growth of, 63 
RosaceaCj 13 1, 139 
Rotation 

of field crops, 48 
specific, 105 
Rothamsted, Eng., 65 
Rubiaceae, 87 

Rye, Hordcum rndgare, 49, 247 
S 

Saccharic acid, 127 
S accharomycese sp.y 132,351 
S. octosporus, 148 
S. cerevisiae, 162 
S. ellipsoides, 354 
Salicin, 142, 144 
Saligcnol, 144 
Salix, sp., 144 
Salts, 48, 63 
Sambiicus nigcr, 142 
Sambunigrin, 142 
Saponarine, 156 
Saponilication, 190, 191 
number, 191 
Saponin, 145 

Schardinger enzyme, 336, 353 
Scharlach R., 183 
Scilla nutans, 154, 155, 163 
slberica, 155, 163 
marilima, 163 
Sera phuUiriaccae, 1 39 
ScLitellum, 32, i()o 
Seeds, 248 

germinating, 31, 49, 239, 331 
resting, 31, 332 
m o n o eo ty led o no u s , 3 2 
protein storage in, 248 
Sdaglmihi, 2()(> 

Semi-permeable membrane, 60 
Serine, 243, 250 
Serological reactions, 248 
Sewage water, 45, 46, 55 
Silica, 75 
Silicon, 75 
plants, 62 
dioxide, 75 
Slnapis alba, 70 
Sinigrin, 78, 143 
Sinistrin, 163 
Sitosterol, 209 
Sodium, 68 

dithionatc, 81 


Sodium (cont.) 

tetrathionate, 81 
sulphite, 353 
Soil, 49» 54, 65 
bog, 73 
economy, 73 
substances, 49 
acidity, 49, 57, 71 
pH values, 50 
old, 50 

organisms, 51, 56 
sandy, 73 
solution, 56, 57 
water, 57 

constituents, abundance of, 58 
saline, 68 
gumbo, 73 
Solanaceae, 145 
Solanin, 145 
Solanum tiiherosum, 217 
Solarization, 320 
Solar radiation, 290 
Solution, sugar, 10 
dilute, 10 
acid, 12 
toxic, 63 
balanced, 64 

Sorbitol, 128, 129, 131, 356 
Sorbose, 1 17, 356 
Sorbus, 1 29 

Sorrel, Rumex acetosella, 49 
Spaihyemafoctida, 326 
Specific rotation, 105 
Spectra, 285 

fluorescens spectrum of chlorophyl, 
285 

absorption spectra of green, blue- 
green and red algae, 286 
of sunlight, 290 
Spirogyra, 168 
Spirophylliim, 83 
Stachydrin, 251 
Stachyose, 150 
Stachys tuber if era, 150 
Staphylococceus pyogenes aureus, 82 
Starch, 3r, 32, 41, 151 
insoluble, 5 
soluble, 156 
grains, 31, 153, 154 
grains l)anded, 153 
deposit of, 152 
deposition in leucoplast, 152 
structure of, 154 
composition of grains, 155 
structure of grains, 156 
composition of various starches, 155 
chemical tests for, 156 
action of acids on, 1 5 1 
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Starch (cont.)^ 

hydrolysis of, 157 
action of bacteria on, 158 
scissive products of, 158 
digestion in germination, 160 
^‘starch trees,” 190 
formation, 298 
Stassfurt, Germany, 65 
Sterenes, 208 
Stereoisomerism, 17, 105 
Sterols, 207, 208 
Stigmasterol, 209 
Stomata, 257, 261,337 
Strontium, 77 

Suberin, 209 

Substrate, 19, 20, 22, 23, 24, 25, 27, 30, 34 
Sucrase, 148, 299 
Sucrose, 20, 29, 32, 132, 147 
hydrolysis of, 9, 148 
dihydrate, 9 

oxygen linkage ring of, 9 
molecule, 9 
inversion, 11,12 
concentration of, 1 1 
Sudan, III, 183 
Sugar-beet, 149 
Sugars, 17 

optical properties of, 105 
polymerization of, 106 
simple, classification, 107 
aldose, structural relationships, 109 
ketose, structural relationships, 1 10 
ionization and transformations, 120 
reducing, determination of, 125 
use of in metabolism, 130 
specificity in use of, 131 
configuration of in relation to use in 
alcoholic fermentation, 133 
substances derived from, 138 
synthesis of higher sugars and related 
alcohols, 138 
“Sugar trees,” 190 
synthesis of, 298 
7-sugar, 357 

Sulphur, 28,51,52, 53, 58, 70 
dioxide, 58 
deficiency, 58, 70 
special metabolism of, 79, 83 
compounds, 80 
extracellular oxidation of, 81 
Sweet potatoes, 152 
Synthesis, 20 
light, 16 
asymmetric, 16 
organic chemical, 17 
organic, 52 

Synthetic reactions, 302 


T 

Tagatose, 134, 135 
Ta'ka-diastase, 157 
Talose, 132, 134, 135 
Tannase, 32 
Tannic aldehyde, 180 
Tannins, 343 

Tartaric acid, 17, 112,350 
Taurine, 83 
Taxicatin, 142 
Taxiis baccataj 142 
Temperature, 10, 21 
characteristic, 8 
optimum for enzyme, 21 
coefficient, 39, 281, 308, 327 
effect on assimilation, 310 
relation to respiratory rate, 327 
Tension, surface, 4 
interfacial, 5 
Terpene, 278 
Terrestrial matter, 5 
composition of, 51 
Tetrasaccharides, 146, 150 
Tetroses, 112 
Theine, 250 
Theobromine, 250 
Theory, intermediate compound, 6 
humus, 43 

Thiobacillus, dcnUrificans , 80, 94, 96 
T. thlopariis, 80 
T. thio-oxJdanSj 80, 81, 182 
Thiosplrillum^ 80 
Thiosulphates, 70, 8i 
Thiol hr ix, 80 
Thiovulum, 80 
Threshold value, 152, 298 
Thymine, 140 
Tiglicacid, 184 
timothy, 163 
Tomatoes, 280 
1'oxicity of ions, 63 
Toxic substances, 4() 

Tradcs'canlia virginica, 155 
Tragacanth, if) 7 
Transformation in ])lants, 3 
chemical, 5,0, 7, 12 
chemical theory, 7 
Translocation, 152 
Trehalase, 140 
Trehalose, 138, 148 
Trioses, 112, 136 
Trisaccharides, 146, 149 
Triticin, 163 
Triticiim repens, 163 
ndgare, 199, 217 
Tropaeolum, 298 
Trypsin, 28, 240 
Tryptases, 33, 237, 239 
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Tryptic digestion, 221 
Tryptophane, 244, 251 
Turanose, 150 
Tyrosine, 244, 246 


U 

Umhelliferae, 139 
Uracil, 140, 218 
Urea, 4, 243, 249 
Urease, 19, 20, 32, 249 

V 

Vacuole, 3 
Valence, partial, 9 
positive, 9 
free, 10 
chemical, 37 
Valeric acid, 18 
Valonia, 37 
Vanilla sp., 198 
Vaucheriaj 198 
Velocities, of molecules, 7 
of reaction, 8, 10 
of the activation process, 8 
of a chemical reaction, 10 
of the inversion, 10 
Volatile oils, 207 
Volemitol, 139 


W 

Water 

cultures, 45, 50 
rain, 46 


Water (cont.) 
sewage, 45 
Thames, 46 
river, 56 

holding power, 116 
Waxes, 183, 207 
Western larch, 150 
Wheats, 247 

X 

Xanthine base, 250 
Xanthophyl, 268, 278, 279 
Xanthoxydase, 250 
Xylan, 1 13 
Xylanase, 113 
Xylaria, 113,175 
Xylitol, 128 
d-xylose, 112 
osazone, 114 

Y 

Yeast, 33, 132 
cells, 30 
proteases, 238 

Z 

Zeamays, 199, 217 
Zein, 220 
Zeolites, 72 
Zinc, 77,332 

Zymase, 12, 27, 69, 132, 133, 206, 345, 352, 
355,370 
Zymin, 133 
Zymogens, 33, 34 





